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Aims of this Thesis 
This project is driven by the current global commercial demand which exists for 
effective, low-cost portable analytical systems for nutrient monitoring in 
environmental waters. The overall focus of this research is to develop low-cost 
analytical solutions and platforms which facilitate and enable on-site and in-situ 
monitoring of various nutrients within freshwater environments. Two strategies 
will be investigated to achieve this overall aim. The primary strategy of interest 
is the development of a field deployable, automated ion chromatography (IC) 
system for nitrate and nitrite analysis. The IC will be comprised of miniaturised, 
low-cost components and will use LED based optical detection. Rapid 
prototyping techniques, such as 3D printing and micromilling, will also be 
assessed as a route to component fabrication. As a complimentary strategy, 
portable systems incorporating colorimetric chemistries to achieve nutrient 
analysis platforms will also be explored. Colorimetry integrated within 
microfluidic platforms, or within simple portable test kit formats will be 
investigated.  
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Thesis Structure and Outline 
This thesis is structured into eight chapters, an overview of each chapter is given 
below: 
Chapter 1 
This chapter can be seen as the introduction and provides a background to the 
research undertaken. The occurrence and effect of nutrients in the aquatic 
environment are discussed. Relevant legislation and the typical strategies and 
techniques employed for nutrient monitoring in the context of legislative 
compliance are highlighted. State-of-the-art and commercially available in-situ 
analytical systems for nutrient monitoring are explored. The aim is to inform the 
reader of the current situation within the water monitoring marketplace, and the 
need which exists for low-cost portable nutrient sensing platforms.   
Chapter 2 
This chapter is a study on the development, optimisation and validation of a 
colorimetric method for nitrate determination in various water matrices. The 
study aims to develop a simple, fast and low-cost method which can be integrated 
into a portable test kit format for direct on-site analysis. The developed method 
was accredited according to ISO 17025 accreditation guidelines and 
demonstrated excellent correlation to an accredited IC.  
Chapter 3 
This chapter works towards achieving a low-cost, portable nutrient analysis 
system through the application of chromatography. The chapter highlights the 
development and analytical assessment of a novel miniaturised capillary IC 
which employs indirect UV LED based detection for anion analysis in 
environmental waters. The IC is light weight and the modular design enables ease 
of modification. The miniaturised IC system allows for the analysis of nitrate, 
nitrite and other small inorganic anions in various water matrices. This work was 
carried out within the Australian Centre of Research on Separation Science 
(ACROSS) at the University of Tasmania.  
xiii 
 
Chapter 4 
Building on the lessons learned in chapter 3. This chapter details the design and 
development of a novel, low cost, UV absorbance detector incorporating a 235 
nm light emitting diode (LED) for use with portable ion chromatography. The 
optical cell was fabricated using rapid prototyping techniques such as 
micromilling and 3D printing. A chromatographic method for the direct detection 
of nitrate and nitrite using the UV LED detector was developed and a simple 
portable IC configuration was built and tested analysing an extensive range of 
water samples. 
Chapter 5 
This chapter describes the development of a multi-material 3D printed 
microfluidic reactor with integrated heating. This reactor was demonstrated 
with colorimetric determination of ammonium. Using such a reactor, the 
acceleration of colorimetric reactions to achieve fast determination of 
ammonium was investigated. A simple flow injection analysis set up was built 
and ammonium analysis was carried out. A system such as this offers potential 
when considering integration with the developed UV-LED detector reported in 
chapter 4, in order to generate a portable total nitrogen analysis system. 
Chapter 6 
This chapter draws from the developments and work described in the prior 
chapters. An automated, low-cost portable IC system was generated employing 
3D printed pumps and the optical detector described in chapter 4. The system 
was validated in the lab and was deployed in the US, Finland and Ireland. The 
performance of the system was established and compared to grab sample data 
and accredited instrumentation. 
Chapter 7 
This chapter discusses experimentation and work which was carried out at the 
early stages of the PhD. The observations associated with this work are reported 
and the way in which they informed the direction of the research is elucidated. 
This chapter demonstrates how the generation of unexpected results can 
provoke a new direction of focus which can ultimately lead to fruitful outcomes. 
xiv 
 
Chapter 8 
This chapter summarises the work carried out and presents the conclusions 
which have arisen. The next steps for the portable IC system in terms of 
manufacturing and commercialisation are discussed and the potential impact 
which the system has on the market place is highlighted. In addition, the 
challenges and hurdles which lie ahead are set out and the strategies to overcome 
these challenges are conveyed. 
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Abstract 
The freshwater environment is intrinsically linked to human, animal and plant 
life and is an indispensable resource for the economy. Effective water quality 
monitoring is therefore one of the cornerstones of environmental protection and 
this importance is reflected within both European and global legislation. 
Nutrient pollution in water bodies can be seen as one of the largest global 
problems which effects the freshwater environment. Current legislation and 
policies governing water quality depend on grab sampling techniques, providing 
only instantaneous data which can result in a non-representative estimate of the 
nutrient pollution load status of a water body. In order to fully satisfy the water 
sectors need for comprehensive analysis, management and protection, effective 
portable in-situ nutrient monitoring systems are required.  
The focal point of this research was based around the current need which exists 
for inexpensive, robust in-situ nutrient monitoring solutions for the freshwater 
environment. The primary goal was to develop a low-cost, field deployable, 
automated IC system for nutrient anion analysis. Complimentary to this work, 
portable systems based on colorimetry for nutrient analysis were also explored. 
Through this research, a portable low-cost nitrate test kit has been developed 
which is based on a modified version of the Griess assay and employs zinc as a 
reducing agent. The developed method was validated according to ISO17025 
accreditation guidelines and reliably detected nitrate in a range of freshwater 
samples. A portable, lightweight capillary IC system for anion analysis in water 
was also developed and demonstrated in a laboratory setting. The IC uses low-
cost, miniaturised components and through a modular design enables flexible 
system modification. 
Progressing from this capillary system, a new low-cost, UV absorbance detector 
incorporating a 235 nm light emitting diode (LED) was developed for portable 
ion chromatography. The detector enabled selective, fast determination of nitrite 
and nitrate in a range of natural waters. In an attempt to develop a portable 
system for ammonium analysis, a multi-material 3D printed microfluidic reactor 
with integrated heating was fabricated and used with colorimetry to facilitate 
fast ammonium determination. Although the analytical range for ammonium 
xxii 
 
determination was narrow, the developed 3D printed heater represents a novel 
contribution in the area of 3D printed analytical systems. Finally, an IC which is 
low-cost, automated and fully deployable was developed which allows for in-situ 
analysis of nitrite and nitrate in a wide variety of natural waters. The system 
employed 3D printed pumps for eluent delivery and the 235 nm LED based 
optical detector which was developed during the course of the research. The 
system was deployed at various locations around the world and achieved an 
analytical performance comparable to accredited benchtop instrumentation. 
 
 
1 
 
Chapter 1:  
Introduction 
Chapter Overview 
This chapter highlights the impact nutrient pollution has on the freshwater 
environment, both economically and ecologically. Environmental legislation 
which is in place to battle this problem, the limitations associated with grab or 
spot sampling, and the need which exists for portable; in-situ analytical systems 
are discussed. Current state-of-the-art and commercial in-situ analytical systems 
for the analysis of nutrients in the freshwater environment are reviewed. Optical 
based sensor systems, microfluidic lab-on-chip (LOC), electrochemical and 
chromatography-based sensor systems are discussed. The key theme of this 
thesis, arises from the current lack of low-cost, in-situ nutrient analysis systems 
available on the market. Through chapter 1, we gain an insight into the systems 
currently available on the market, and the shortcomings which these systems 
exhibit. In the subsequent chapters complimentary low-cost approaches are 
introduced exploring both colorimetric and chromatographic approaches 
towards achieving low-cost in-situ nutrient analysers. 
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1.1 Water quality 
Water is a crucial natural resource upon which all social and economic activities 
and ecosystem functions depend [1]. Despite the importance of water, over 80 % 
of used water worldwide is discharged untreated into water bodies [2]. Water 
pollution arises when substances build up to such an extent that the water 
becomes unfit for its natural or intended use. Pollutant pressures can be divided 
into two main sources: point sources and diffuse sources. Point sources can be 
defined as fixed or stationary facilities from which pollutants are discharged. 
Examples of this type of source include wastewater treatment plants and 
industrial discharges. Diffuse pollution arises from activities which have no 
specific point of discharge. Agriculture is a leading example of diffuse pollution 
along with anthropogenic landscapes. In Europe, 38% of surface waters are said 
to be under significant pressures from diffuse pollution, while 32% of freshwater 
bodies are under significant pressure from point sources [3]. Within the US, it is 
reported that in 2015, U.S. industries and businesses discharged 86.6 million kg 
of chemicals into rivers and streams [4]. Water is often regarded as the "universal 
solvent" due its capability of dissolving more substances than any other liquid. 
As a consequence of this trait, water readily dissolves the substances originating 
from the numerous pollutant sources, which ultimately results in water 
pollution. Of the various types of water contamination, nutrient pollution, caused 
by excess nitrogen and phosphorus in water, can be seen as a leading treat to 
water quality worldwide [2].  
1.2 Nutrient pollution 
Globally, the most prevalent water quality problem results from high nutrient 
loads entering water bodies [5]. Nitrogen and phosphorus, predominantly in the 
form of nitrite (NO2-), nitrate (NO3-) and phosphate (PO43-), are nutrients 
naturally found in aquatic ecosystems. These nutrients play an essential role for 
the growth of algae and aquatic plants which provide food and habitat for aquatic 
organisms. Despite the intrinsic nature of nutrients within natural processes, 
excessive levels in water bodies can arise as a consequence of anthropogenic 
activities such as agriculture, wastewater discharges and sewage disposal. This 
often has a detrimental impact, both from an environmental and economic 
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perspective. The key environmental issue associated with nutrient pollution of 
water bodies is eutrophication. This condition results in the overproduction of 
algae and aquatic plants as shown in Figure 1.1. Algal blooms can severely reduce 
oxygen levels in water which results in fish kills. In addition to environmental 
impacts, significant economic impacts are associated with nutrient pollution. In 
European countries such as Spain and the Netherlands, eutrophication costs the 
economy hundreds of millions of euro per year, mainly as a consequence of loss 
of water function. While in the U.S., nutrient pollution can cost the economy $2.2 
billion per year [6].  
 
Figure 1.1: Satellite image of toxic algae bloom in Lake Erie, USA [7] 
As a response to the impacts associated with nutrient pollution, a range of 
regulatory and legislative documentation exists both in Europe and globally 
which requires the monitoring of chemical nutrients in water bodies (EU Water 
Framework Directive 2000/60/EC; Council Directive 91/271/EC; Blueprint to 
Safeguard Europe's Water Resources, Clean Water Act 1972).  
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1.3 Towards point-of-use water analysis 
At present, nutrient analysis and monitoring, in compliance with legislation, 
predominantly involves grab sampling. Grab sampling refers to the act of 
manually collecting a water sample for either on site analysis or subsequent 
laboratory analysis. This methodology is well established and has been accepted 
for regulatory and legislation purposes. However, numerous shortcomings are 
associated with this approach. When taking a grab sample, sample composition 
can change at any time during sampling, transportation, preservation or storage. 
While the magnitude of the change may be minimised, it cannot be eliminated 
completely. Grab sampling only provides instantaneous data, and when 
monitoring for regulatory purposes the use of infrequent grab sampling often 
results in non-representative estimates of pollution loads. As nutrient 
concentrations fluctuate in water systems, grab sampling may either miss 
recurring pollution episodes leading to underestimation of pollution, or catch a 
pollution episode as it occurs leading to overestimation of the total pollution load 
[8]. To overcome the issues associated with grab sampling, and to effectively 
manage nutrient pollution, in-situ analysers are required. Through the use of 
these analysers, the measurement of nutrients directly in the environmental 
medium is enabled, providing real-time observations of nutrient levels [9].  
1.4 Current in-situ nutrient monitoring 
Over the years, various technologies and analytical techniques have been 
explored in order to achieve in-situ sensors and instruments for nutrient 
monitoring in aquatic environments [9]. This chapter aims to provide an 
overview of current commercially available technologies along with 
developments in the area of in-situ monitoring of nutrients in freshwater 
systems. The review focuses on analytical systems based on optical detection, 
including LOC systems, electrochemistry and chromatographic techniques. 
Information on the systems in terms of analytical operation, portability, 
deployment demonstration, longevity in the field and cost is provided. In 
addition, it should also be noted that further detail on in-situ nutrient analysers 
is also provided and discussed within the introduction sections of the papers 
reported in each of the subsequent thesis chapters.  
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1.4.1 Analysers based on direct optical detection 
The development of in-situ nutrient sensing systems has predominantly focused 
on optical-based detection mechanisms. Optical methods refer to those 
techniques which involve the interaction of electromagnetic radiation with 
atoms or molecules. Nitrate and nitrite anions have natural absorbance peaks 
within the ultraviolet (UV) electromagnetic spectrum. By measuring optical 
absorption at specific wavelengths, nitrate and nitrite concentrations within 
water media can be determined. This approach does not require any reagents 
and provides fast response times. Over the past decade, in-situ UV-
spectrophotometers for nitrate and nitrite analysis have been used for waste 
water monitoring [10, 11] and have been deployed successfully in various marine 
and oceanographic studies [12, 13]. Direct UV nitrate and nitrite sensors have 
also gained broad application within a range of freshwater matrices [14-16]. 
A number of in-situ UV spectrophotometers are commercially available which 
have suitable deployment capabilities and performance characteristics to yield 
high resolution nitrate and nitrite measurements in freshwater and other aquatic 
environments. YSI Incorporated (Yellow Springs, USA) provide an in-situ UV 
nitrate sensor called the NitraVis which provides real-time nitrate analysis in 
aquatic environments. Figure 1.2 (left) shows the NitraVis probe. In addition, 
Sea-Bird Scientific produce the ‘SUNA’ UV nitrate sensor which is more suited to 
turbid waters and is virtually applicable to any aquatic environment. The SUNA 
V2 UV sensor system is shown in Figure 1.2 (right). Other examples of in-situ 
spectrophotometers which can achieve high resolution nitrate and nitrite 
monitoring in freshwater environments, as reported by Huebsch et al. [16], 
include the Nitratax plus sc sensor (Hach Lange GmbH, Germany) and the 
spectro::lyserTM  (s::can Messtechnik GmbH, Austria). Despite the demonstrated 
suitability of in-situ UV spectrophotometers in terms of continuous nitrate and 
nitrite monitoring in freshwaters, these systems are considerably expensive. 
Costs to purchase a UV nitrate sensor can range from $ 15,000 - $25,000 per unit 
and additional expenses are also related to instrument service and maintenance 
[17]. When considering phosphate analysis, direct optical detection sensors are 
not applicable, as the phosphate anion does not absorb UV light directly. To 
6 
 
enable spectrophotometric detection of phosphate, a reagent can be added which 
reacts with phosphate to form a new molecule capable of absorbing light at a 
specific wavelength. This is the basis of colorimetric chemistry, where following 
the addition of reagents, the formation of an absorbing dye which incorporates 
the analyte results. The optical absorption of this dye is linearly proportional to 
the target analyte concentration [18]. A wide range of colorimetric based in-situ 
nutrient analysis systems have been developed over the years and a number of 
high-performance systems are currently available on the market.     
 
Figure 1.2: (Left) YSI SensorNet NitraVis® optical sensor for in-situ nitrate 
analysis. Dimensions: Length 80 cm; diameter 6 cm with a weight of ~ 4 kg [19] 
(Right) SUNA V2 UV nitrate sensor. Dimensions: Length 70 cm; diameter 7 cm 
with a weight of ~ 3 kg [20]. 
1.4.2 Colorimetric based nutrient analysers 
Colorimetric and spectroscopic techniques are very well-established techniques, 
and many standard methods exist for the analysis of nitrate, nitrite and 
phosphate in the laboratory [21, 22]. As a result of this extensive knowledge 
concerning optical methods, in addition to developments in the fields of light-
emitting diode (LED) technology, communications and rapid prototyping 
techniques, the generation of colorimetric based in-situ nutrient analysers has 
been facilitated. 
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The concept of flow injection analysis (FIA) employing colorimetry represents a 
typical approach which is adopted to achieve in-situ nutrient analysers. FIA refers 
to continuous flow analysis that uses an analytical stream into which 
reproducible volumes of sample are injected. In-situ analysers based on flow 
analysis methods incorporate a pump, detector and a narrow bore tube manifold. 
The pump propels the sample through the tube manifold where mixing with 
reagent occurs to form detectable species [23]. The first flow injection analysis 
systems were focused within the field of electrochemistry. In 1970, Nagy et al. 
published their first of a series of papers relating to the injection of a sample into 
a flowing stream of electrolyte [24]. Soon after, colorimetric analysis of nutrients 
in water matrices using FIA configurations were carried out [25]. Since the 
1990’s, a variety of field analysers based on FIA and colorimetry have been 
developed for the detection of nutrient analyte species in a range of aquatic 
media [26-29]. 
A number of in-situ and online colorimetric based flow analysers for nutrient 
monitoring have been developed and are commercially available. For example, 
the YSI 9600 (YSI Inc., USA) allows for continuous recording of nitrate at variable 
intervals in a range of waters, while the Liquiline System from Endress+Hauser 
offers precise online measurement of nitrite. The Sea-Bird Scientific HydroCycle 
– Phosphate Sensor is an example of a miniaturised colorimetric based sensor 
which enables in-situ phosphate monitoring. The Systea WIZ probe (Systea S.p.A 
Analytical Technologies, Italy), depicted in Figure 1.3, is a leading state-of-the-art 
in-situ probe for monitoring fresh and marine aquatic environments. The system 
can detect phosphate, nitrate, nitrite and ammonia. Similar to the 
aforementioned colorimetric sensors, the Systea WIZ analyzer is deployed with 
on-board reagents along with standard solutions to enable in-situ calibrations. 
8 
 
  
Figure 1.3: Photograph of the Systea WIZ probe prior to nitrate monitoring 
deployment to assess system performance in the field. Dimensions: 140 mm 
diameter x 520 mm height (analytical unit); 70 mm diameter x 200 mm height 
(reagents container) [30]. 
When considering in-situ nutrient analysis based on colorimetry and optical 
detection, the application of microfluidic technology represents a promising 
avenue towards achieving miniaturised analysers. From a low-cost, 
miniaturisation perspective, microfluidics serves to miniaturise and integrate 
processes previously employed at a larger scale in separate operation. This 
integration and miniaturisation falls under the concept of lab-on-a-chip (LOC). 
When applied to colorimetric nutrient analysis, LOC systems potentially allow 
for high performance analysis while reducing reagent volumes and power 
consumption in comparison to larger in-situ analysers [18]. Microfluidics is also 
well-suited to rapid-prototyping and micro-fabrication techniques such as 
micromilling and 3D printing. As a consequence, a potential exists to develop and 
manufacture analytical systems which are much lower cost than that of 
macroscale instruments.     
A variety of microfluidic based nutrient analysers, employing the principles of 
colorimetry, have been demonstrated in recent years. For a description of 
microfluidic systems employed for in-situ chemical analysis in water, including 
nutrient analysis, along with technical developments in this area, Nightingale et 
al. has reported a comprehensive review [31]. 
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An overview of nutrient analysis prototypes which have been developed over the 
past decade are briefly discussed in the succeeding paragraphs. In 2010, Cleary 
et al. reported an autonomous microfluidic sensor for phosphate detection in 
environmental waters. The system used the vanadomolybdate method within a 
microfluidic manifold where mixing, reaction and detection took place. Optical 
detection was performed using a LED light source and photodiode detector [32]. 
Hwang et al. (2013) described a platform based on centrifugal microfluidics for 
the simultaneous determination of NO2-, NO3-, NH4+, PO42-, and silicate in water. 
All processes were integrated and automatically performed on the rotating disc 
device. The system incorporated a number of novel aspects such as the control 
of liquid transfer by laser irradiation on ferrowax-based microvalves. However, 
poor long-term deployment capabilities were noted due to the limited number 
of samples which could be processed simultaneously on a single disc [33]. 
Several examples of in-situ microfluidic devices for nutrient monitoring in water 
bodies have been reported by the National Oceanographic Centre (NOC), 
Southampton, UK [34, 35]. One such example is the system reported by Beaton et 
al. (2012). This microfluidic based system enabled effective, automated in-situ 
colorimetric detection of nitrate and nitrite in natural waters. The Griess assay 
was employed for nitrite detection, and reduction of nitrate to nitrite was 
achieved through the use of a cadmium column.  The system was deployed in a 
range of water matrices and demonstrated effective monitoring of nitrate and 
nitrite [36]. Additionally, an example of a high-performance microfluidic analyser 
for phosphate monitoring was reported by Legiret et al. [37]. The system used 
the vanadomolybdate method in combination with a microfluidic chip 
manufactured from tinted poly (methyl methacrylate) (PMMA), custom syringe 
pumps and on-board standards and control electronics. Although this system 
was applied within the marine environment, the system could also find 
application within freshwater monitoring. In 2017, Clinton-Bailey et al. from 
NOC, reported a LOC analyser for in-situ phosphate monitoring based on an 
improved molybdenum blue colorimetric method. The system, depicted in Figure 
1.4, was successfully continuously deployed for 9 weeks in a fluvial system, 
autonomously monitoring phosphate levels in-situ [38]. This system can be seen 
as an important step towards generating high resolution sensors for effective in-
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situ nutrient monitoring, yet this platform still had a total manufacturing cost of 
~ €10,000. A cost-effective in-situ phosphate analyser was described and tested 
by Donohoe et al. (2018). The system employed the vanadomolybdate 
colorimetric method for phosphate analysis on a microfluidic chip with LED-
based optical detection. The system was deployed at a freshwater lake for several 
days and successfully generated phosphate data [39]. 
 
Figure 1.4: (Left) Complete sensor system with reagent and LOC sensor housings 
developed by NOC. (Right) Phosphate LOC microfluidic configuration. The 
platform can be adapted for other absorbance-based assays such as nitrate or 
nitrite [38]. 
A very promising area in terms of achieving low-cost in-situ nutrient analysers is 
that of droplet-based microfluidics. Within these systems, aqueous samples and 
reagents are carried as discrete droplets within an immiscible oil. By using this 
approach instead of a typical microfluidic flow approach, dispersion effects and 
surface interactions at channel walls can be reduced. In addition, measurement 
throughput can be significantly increased. A prototype nitrate and nitrite sensor 
combining this approach with colorimetric chemistry (Figure 1.5) has been 
developed and reported by SouthWestSensor Ltd. The system has the potential 
to achieve high frequency monitoring in a range of environmental waters and is 
currently in its final stages of development before market launch. 
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Figure 1.5: Field deployable nitrite and nitrate sensor based on novel droplet 
microfluidics developed for SouthWestSensor Ltd. (Left) Schematic showing 
fluidics of sensor and mode of operation. (Right) Image of finished sensor 
incorporating fluidics, heater, flow cells, and control electronics with a pen 
shown for scale [40].  
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1.4.3 Electrochemical based systems 
Electrochemical approaches have been extensively used for the analysis of major 
and minor elements in aquatic environments [41]. Electroanalytical systems for 
the analysis of environmental waters has greatly progressed in recent years. 
Notable advances in terms of cost, assay time, minimal sample preparation, 
sensitivity and selectivity have been achieved. A key focus of development over 
the past number of decades has been towards the development of 
electrochemical based devices for in-situ measurements [42].  
A wide variety of electrode substrates and strategies have been employed for the 
determination of nitrate and nitrite including copper [43], cadmium [44], boron 
doped electrodes [45], and gold [46] just to name a few. This abundance of 
electrode materials suggests that the electroanalytical determination of nitrate 
and nitrite at bare electrodes is simply achieved, however it is far from facile. 
Using bare electrodes, the kinetics of the charge transfer are slow which leads to 
poor sensitivity and reproducibility. Modification of electrodes make reduction 
more feasible and facilitates improved analyte detection. However, these 
modifications can be fragile, expensive and procedurally complex limiting use for 
in-situ deployment [47]. Of the modifications, copper electroplating may be seen 
as one of the more simplistic and inexpensive ways of functionalising electrodes 
for nitrate and nitrite detection [48]. Ion selective membrane electrodes (ISEs) 
have also showed a lot of promise when considering portable or in-situ sensing 
platforms for environmental water analysis [49]. An example of a commercial 
ion-selective electrode (ISE) for nitrate analysis in freshwaters is the WQ-Nitrate 
sensor (Figure 1.6) developed by NEXSENSE Technologies. This ISE probe has a 
USB interface allowing for analysis directly in the field. Although this system is 
portable and well-suited to on-site analysis, the system is not autonomous or 
deployable.  
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Figure 1.6: (Left) Photograph of WQ-Nitrate ISE Sensor. (Right) Construction 
of ISE sensor. The electrode can be used within lab and field applications. The 
probe is ~ 15 cm in length and 1.5 cm in diameter [50] 
Enzymatic-based biosensors have also been shown to be an effective means of 
electrochemical nitrate detection in water matrices. Typically, within these 
systems nitrate reductase is used for the reduction of nitrate to nitrite and the 
reducing current is used to determine nitrate concentration [51]. However, 
enzymes require storage under ideal conditions and degrade overtime which 
makes them poorly suited for long-term in-situ deployment. An alternative, more 
robust approach to enzyme-based biosensors for nitrate and nitrite is the use of 
biosensors based on denitrifying bacteria. A commercially available bacteria-
based biosensor, referred to as the NOx- Biosensor is produced by Unisense 
(Unisense A/S, Denmark). Using this sensor, NO3- or NO2- anions enter the sensor 
through an ion-permeable membrane. Active denitrifying bacteria, present in a 
chamber within the sensor, reduce nitrate or nitrite to N2O. This N2O is then 
detected electrochemically by a N2O transducer. Denitrification is facilitated by 
electron donors contained in a reservoir within the sensor. As a result of this 
reservoir, bacteria growth is continuous, enabling greater robustness as opposed 
to enzyme-based systems. The NOx- Biosensor, shown in Figure 1.7, is well-suited 
to freshwater analysis and can measure nitrate and nitrite at concentrations 
below 0.5 µM showing good stability over days [52]. However, the sensor is not 
suited to long term in-situ analyses for weeks or months due to loss of stability 
and fouling issues.  
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Figure 1.7: Unisense NOx- biosensor for nitrate and nitrite analysis in 
environmental waters. NOx- or NO2- ions diffuse across an ion-permeable 
membrane. Active denitrifying bacteria secured behind the membrane reduces 
NOx- or NO2- to N2O, which is then detected by a N2O transducer. The total length 
of the probe is 20 cm and the shaft diameter is 1.5 cm [52]. 
Similar to nitrate and nitrite, a variety of electrode substrates have been 
demonstrated for phosphate determination. Such approaches include metal 
electrodes, gold and glassy carbon modified electrodes [53], modified carbon 
paste electrodes [54], lead ion selective electrodes [55] and cobalt-based 
electrodes [56, 57]. A comprehensive review of potentiometric, voltammetric 
and amperometric methods for phosphate determination is reported by 
Berchmans et al. [58], with a further review on the analysis of soluble phosphates 
in environmental samples reported by Warwick et al. [59]. Recently, reagentless 
paper-based electrochemical sensors have shown impressive potential as a route 
to low-cost, rapid nutrient analysis. For example, Cinti et al. demonstrated a 
paper-based screen-printed electrochemical sensor for phosphate detection in 
freshwater. Through a three-step process consisting of wax patterning, paper 
chemical modification using acidic molybdate solution containing supporting 
electrolyte, and electrode screen-printing, the filter paper provided an effective 
electroanalytical platform for phosphate detection through cyclic voltammetry 
[60]. Although this system represents a simple and affordable approach to 
phosphate detection, the system is yet to be tested in the field and is not suited 
to long term, autonomous, in-situ deployment in environmental water systems.  
Overall, electrochemical based systems are inexpensive and easy to use. 
However, when considering long term in-situ deployments in environmental 
waters, electrochemical probes have not seen any level of significant adoption in 
terms of nutrient analysis. This is mainly due to high drift over time, ionic 
interferences and biofouling as probes are most typically directly exposed to the 
sample during analysis [61]. 
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1.4.4 Chromatography based analysers 
Ion chromatography (IC) is a leading standard method for the analysis of nutrient 
anions in freshwater samples and a range of standard methods are available and 
widely used for regulatory monitoring purposes [62]. Although various 
approaches are available for the separation of inorganic ionic species such as ion 
interaction, chelation and ion exclusion chromatography, ion-exchange can be 
seen as the primary separation mode used in IC [63]. In ion-exchange 
chromatography, most typically the stationary phase is comprised of a porous, 
insoluble resin containing fixed charged groups and mobile counter ions of 
opposite charge.  As the mobile phase passes through the column, these counter 
ions are reversibly exchanged for analyte ions carrying the same charge, 
Variations in the interaction and the affinity of the analyte ions with the 
stationary phase results in differential migration rates and in turn analyte 
separation.  
For the analysis of nitrate, nitrite and phosphate using IC, suppressed 
conductivity detection is regarded as the standard method of detection. 
Electrolytic conductivity detection is well suited to IC as conductivity is a 
property shared by all ions. As the eluent used in IC is comprised of high amounts 
of salt, it exhibits a high conductivity. To enable efficient conductivity detection 
of analyte ions eluted from the system, the amount of background dissolved ions 
present in the eluent must be decreased after the column. This reduction in 
background eluent conductivity is achieved through the use of a suppressor. In a 
suppressor, eluent is neutralised by continuous flow ion exchange through a 
membrane. The eluent flows inside the membrane, while a regenerant, typically 
an acid, flows on the outside of the membrane in the opposite direction. For the 
separation of nutrient anions using alkaline eluent a cation exchange takes place 
across the membrane. Thus, eluent Na+ or K+ cations are exchanged with 
regenerant H+ cations. The membrane incorporates covalently bound sulfonic 
acid groups which enables the selective transportation of the cations. Analyte 
anions are prevented from passing through the membrane due to electrostatic 
repulsion [64]. Although less common, direct conductivity or nonsuppressed 
conductivity can also be utilised with IC. Nonsuppressed conductivity methods 
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require low capacity stationary phases and dilute eluents to achieve low 
background conductivity and in turn analyte anion detection. As both NO2- and 
NO3- are UV-absorbing electroactive species, UV/VIS detection represents 
another direct detection method which can be used with IC. Alternatively, 
indirect UV-VIS detection can be used to detect nitrate, nitrite and phosphate 
along with other inorganic anions. For indirect UV-VIS, a highly UV absorbing 
eluent is used so analyte anions reduce detector signal following elution. As each 
analyte ion elutes from the column, eluent ions are displaced allowing more light 
to reach the photodiode detector. This decrease in absorbance appears as an 
inverse peak and is directly proportional to analyte concentration.  
Despite the widespread application of IC for nutrient analysis and the broad 
range of detection modes available, analysis has predominantly been confined to 
a laboratory setting and there has been a lack of successful commercial 
development of automated, in-situ IC systems. The physical size, significant 
weight, eluent and power requirements of bench-top IC systems have hindered 
the uptake of IC for portable, autonomous applications. Over the past 30 years, a 
number of prototype portable IC systems, employing a range of strategies, for 
monitoring of ionic analytes in aquatic media have been reported.  One of the 
earliest attempts towards portable IC was that of Tsitouridou and Puxbaum [65]. 
Using a single column IC with conventional bench-top components and non-
suppressed conductivity detection, anion concentrations, such as nitrite and 
nitrate, of fog water and atmospheric aerosols were determined in the field. 
Although the system was applied in the field, the system weighted 20 kg and still 
had the cost and power requirements associated with traditional systems.  Over 
the years, others have also demonstrated portable IC systems for anion analysis 
using predominantly standard IC components [66-68]. However, these systems 
were not automated, in-situ devices and required manual interaction.  
An example of a commercial portable IC for online anion and cation analysis has 
been provided by Qingdao Sheng-Han Chromatography, China, since 2013. This 
system is sold as a portable instrument, but uses typical system components, 
thus the system is not low-cost and although portable, the system cannot be 
deployed autonomously in-situ for long deployment periods [69]. In 2014, Elkin 
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successfully demonstrated an automated, battery powered portable IC which 
allowed for autonomous operation in the field for a period of one month. The IC 
used a commercial guard column, an eluent reflux device for eluent regeneration 
and suppression, a small diaphragm pump and a capacitively-coupled 
contactless conductivity detector. The system used standard suppressed IC using 
KOH eluent and analysed nutrients and other anions in freshwater streams. The 
total weight of the portable IC device was 27.5 kg including the battery and solar 
cell [70]. A schematic representation of the system is shown in Figure 1.8.  
 
Figure 1.8: Schematic of portable IC, based on suppressed conductivity 
detection, reported by Elkin. KOH eluent flow is shown in blue, suppressed 
eluent in orange, flow outside the chromatography system in green, and 
electrode rinse water in black. Dashed lines in the eluent reflux device (ERD) and 
electrolytic eluent purifier (EEP) depict the general flow direction. The net ionic 
movements in the electrodialytic devices are denoted by the device polarities. 
The 3-port dilution relief valve (DRV) removes excess water from the system to 
maintain a precise eluent concentration [70]. 
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An approach which has shown promise in terms of generating low power, 
portable IC systems is open tubular IC (OTIC) [71]. The OTIC reported by Yang et 
al. for ionic analysis, albeit in the context of extraterrestrial exploration as 
opposed to aquatic monitoring, clearly demonstrates this promise [72]. This 
OTIC, schematically shown in Figure 1.9, uses AS18 latex coated 9.8 μm radius 
PMMA capillaries. The anion exchange particles bind strongly to the oppositely 
charged −COOH groups on the hydrolyzed PMMA surface generating the anion 
exchange open tubular column. The eluent used was sodium benzoate and 
detection was achieved through admittance detection of the charged analytes. 
Using this platform, a wide range of anionic species, including NO2- and NO3-, have 
been detected in a laboratory setting. Further advancements building on this 
work have focused on achieving OTIC for suppressed anion chromatography, 
recently an electrodialytic capillary suppressor and novel functionalized 
cycloolefin polymer capillaries for OTIC have been reported, illustrating a 
potential route to suppressed hydroxide eluent OTIC for nutrients and other ions 
[73, 74].  
 
Figure 1.9: Schematic illustration of OTIC: NC, nitrogen cylinder; DPR, digital 
pressure regulator; IV, injection valve; SV, solenoid valve; OTC, open tubular 
capillary; W, waste [72]. 
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Monolithic columns may be seen as an intermediate between open tubular and 
packed columns, albeit they are more closely related to the latter. As monolithic 
columns have a porous structure, it is possible to achieve higher flow rates at 
lower back pressures compared to particulate columns. This provides the 
opportunity for low pressure or ultra-fast chromatography, which are attractive 
characteristics when considering the development of a low-cost, portable IC 
system. In order to produce monolithic ion exchange columns, modification of 
the monolith is required. This can be achieved through the use of ion-interaction 
reagents, surfactant coatings applied to reverse phase monoliths or by covalently 
binding reagents to bare monoliths. Although both silica and polymeric 
monolithic columns are available, for small inorganic anions, such as aquatic 
nutrients, silica monoliths are most suitable due to their macroporous and 
mesoporous nature. Miniaturisation of IC and rapid separations have been 
demonstrated through the use of short silica monolithic columns. Through the 
application of these monoliths, low pressure IC systems which use small pumps, 
less power and small volumes of eluent have been generated [75]. Using a 
syringe pump, a Chromolith RP18e silica monolith (1 cm) coated with 
didodecyldimethylammonium bromide (DDAB) in suppressed IC mode, Pelltier 
and Lucy successfully separated and detected five anions, including nitrate and 
nitrite, in under 2.5 min [76]. The back pressure observed within the system was 
4.8 bar, with 2.8 bar attributed to the suppressor. An example of a chromatogram 
generated by the system is shown in Figure 1.10.  
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Figure 1.10: Suppressed anion separations using 1 cm silica monolith coated 
with DDAB using the coating solution of DDAB 1 mM/1% acetonitrile. The eluent 
used was 5 mM 4-hydroxybenzoic acid (pH 5.6) eluent. The flow rate was 2 
mL/min and an injection volume of 0.5 µL was used [76]. 
Despite these promising results, the coating stability of the DDAB is an issue and 
over time reduction in retention times is observed. To improve the longevity of 
these columns, DDAB may be added to the eluent. Alternatively, cetylpyridinium 
chloride (CPC) has been used as a coating for anion analysis. Li et al. produced 
and anion exchange (2.5 cm x 4.6 mm) reverse phase silica monolith through 
coating with CPC, and an excellent coating stability for 3 months continuous use 
was observed, with a retention time variability of 0.17 %. Six anions, including 
nitrate and nitrite, were separated and detected in under 1 min. An eluent of 10 
mM Na2SO4 at a flow rate of 3 mL/min was used with direct UV detection at 210 
nm [77]. Although a range of developments have taken place in terms of 
monolithic phases for IC and the application of coated monoliths for nutrient 
analysis in both freshwater and seawater has been demonstrated [78], no 
portable, automated, in-situ IC system for the analysis of nutrients has been 
developed using monolithic columns thus far. Despite this, the use of these 
columns still represents good potential when it comes to low-cost, portable 
liquid chromatography. This is exemplified by the hand-portable liquid 
chromatography instrument developed by Sharma et al. [79]. However, this 
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system employed a capillary reversed-phase monolithic column with UV 
detection for organic compound analysis. Similarly, a portable high-performance 
liquid chromatograph (HPLC) has recently been developed by Axcend 
Corporation, Provo, USA. The system, shown in Figure 1.11, employs a capillary 
based column packed with reverse-phase particles with LED-based UV detection 
for organic analysis. However, anion exchange particles could potentially be used 
to pack the column to enable ion chromatography. The system can be operated 
for 10 hours using battery power and has the potential to perform gradient 
eluent. This LC unit represents a significant advancement in the area of on-site 
high-performance analytical instrumentation, however when considering in-situ 
analysis of environmental waters, system cost and deployability are still 
restrictive.      
 
Figure 1.11: Portable, high-performance liquid chromatograph facilitating on-
the-spot analysis. A 150 µm internal diameter (ID) capillary column filled with 
1.7 - 3 µm fused silica particles is used within the system. Detection is achieved 
using a UV-LED based optical detector. System dimensions are 32 x 23 x 20 cm 
[80]. 
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1.5 Conclusions 
The importance which freshwater quality has both environmentally and 
economically is widely recognised and this is reflected by global legislation. A key 
global water quality issue is that of eutrophication and as such a clear need for 
reliable and widespread information regarding nitrate, nitrite, ammonium and 
phosphate levels in freshwater environments is required. In order to achieve 
truly representative, real-time or near real-time nutrient levels in aquatic 
environments, the typical strategy of spot or grab sampling is not sufficient and 
the application of in-situ monitoring systems is required. Through progress and 
developments within the fields of rapid prototyping, microfluidics, 
electrochemistry and chromatography, tremendous strides towards in-situ 
nutrient monitoring systems have taken place. When considering autonomous 
deployments of sensor systems, biofouling, power requirements and reliability 
issues and cost are key challenges which must be overcome. Despite this, a 
number of commercial and prototype systems have been produced for in-situ 
nutrient monitoring in the freshwater environment. In order to achieve mass 
adoption and application of in-situ analysers, system and operation costs are 
essential. Development priorities should focus on in-situ nutrient measurements 
which can be achieved in a cost-effective manner. At present, few commercial 
autonomous, reliable sensing systems for long term in-situ nutrient monitoring 
exist, and those which do cost tens of thousands of euros. It is clear there is a need 
for low-cost, reliable monitoring systems which are capable of measuring 
nutrients in-situ over long periods of time. As the overall cost of sensing systems 
reduce, this would potentially enable the deployment of larger numbers of 
devices and thereby improve the spatial and temporal resolution and extent of 
freshwater nutrient monitoring activities. 
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Chapter Overview 
This chapter describes the optimisation and validation of a colorimetric method 
for the determination of nitrate in various water media. The developed method 
is designed to be integrated into a simple, low-cost nitrate test kit (< €15). This 
test kit enables quick in-field nitrate analysis and exhibits a limit of detection and 
analytical range relevant to legislative concentration levels in environmental 
waters.  
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Abstract 
A method using zinc powder in conjunction with the common Griess assay was 
developed for the detection of nitrate in water. This method is applicable to 
portable water test kits and allows for the accurate determination of nitrate in 
freshwater. The linear range for the method was shown to be 0.5–45 mg L-1 NO3- 
and the limit of detection (LOD) was 0.5 mg L-1 NO3-. The proposed method was 
validated over a five-day period and acceptable recovery and uncertainties were 
achieved when analysing freshwater matrices. The performance of the developed 
method was compared to an ISO-accredited ion chromatographic (IC) method by 
carrying out blind sample analysis. A good agreement between the two methods 
was achieved as comparable concentrations were determined using each 
method. In addition, the Zn method was compared to the performance of a novel 
solid-phase reagent method, previously developed within the group. The most 
accurate performance was demonstrated by the Zn powder method when 
analysing freshwater samples. The novel solid-phase reagent method 
demonstrated the greater accuracy when analysing seawater samples. 
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2.1 Introduction 
Nitrate concentrations vary widely within natural and waste water samples. 
Nitrate concentrations can range from below 0.20 mg L-1 NO3-  in deep seawater 
to 85 mg L-1 NO3-  in shallow groundwater and surface streams depending on soil 
type and land use practices [1]. Natural sources of nitrate in the environment 
include gaseous nitrogen fixation through microorganisms such as Azotobacter 
and cyanobacteria, soil degradation and the deposition of animal and plant 
residues. Although nitrate is found within a multiplicity of natural processes, 
contamination in water systems is most typically associated with anthropogenic 
activities. 
Anthropogenic sources of nitrate include fertilisation of agricultural crops using 
chemical nitrogenous fertilisers, plant and animal waste, municipal and 
industrial wastewater discharges, sewage disposal systems, and the food 
industry [2]. In addition, atmospheric deposition of nitrogen-containing 
compounds also plays a role in contributing to nitrate contamination within 
water systems [3]. 
Elevated concentrations of nitrate in water systems pose a significant risk to both 
the environment and to human health when considering the utilisation of water 
for drinking purposes. High nitrate levels in water systems contribute 
significantly to eutrophication, especially within lakes and saline waters [4]. 
Eutrophication leads to the overproduction of aquatic plants and algae which in 
turn results in dissolved oxygen depletion; odorous waters and the stimulation 
of bacteria proliferation as algae and macrophytes die [5]. When freshwater is 
used for drinking, nitrate contamination can negatively impact human health. 
The most important health effect associated with nitrate ingestion arises through 
the reduction of nitrate to nitrite in the digestive system. Nitrite oxidizes iron in 
the haemoglobin of red blood cells forming a molecule called methemoglobin. 
This molecule hinders oxygen transport and can result in a condition called 
methemoglobinemia or ‘blue baby syndrome’ [6]. Nitrate which has been 
reduced to nitrite has also been shown to react with nitrosatable compounds in 
the human stomach to form carcinogenic N-nitroso compounds [7]. 
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Under EU regulation, nitrate concentrations within all fresh and marine water 
bodies must be monitored. According to legislation, nitrate levels must not 
exceed 50 mg L-1 NO3- in surface waters [8]. Many analytical methods are 
available for the determination of nitrate in water matrices. Suppressed ion 
chromatography (IC) is regarded as the standard for the analysis of nitrate in 
water, and is in fact the proposed method by the environmental protection 
agency [9]. However, sample matrix complexity, in particular high salinity 
waters, can have a significant impact on IC performance. In addition, samples 
must be transported to a lab to be analysed using IC. Due to good limits of 
detection and simple assay-type protocols, colorimetric methods are an effective 
alternative to IC and are readily employed for nitrate determination.  
When considering colorimetric detection of NO3-, the simplest and most 
frequently applied assay involves the reduction of nitrate to nitrite and its 
subsequent detection using the Griess reaction [10, 11]. A range of methods can 
be used to reduce NO3- to NO2-. Enzymatic reduction using nitrate reductase or 
photochemical reduction through the use of UV light can be used, however these 
methods typically offer poor reproducibility [12]. Most commonly, copperised 
cadmium is used for nitrate reduction to nitrite and reduction efficiencies of over 
90% are possible [12]. Despite this fact, the use of cadmium may be seen as 
undesirable due to its highly toxic nature. Therefore, the use of a less toxic 
reductant is desirable. Zinc represents an example of a less toxic solid-state 
reductant which can be used to reduce nitrate to nitrite. Metallic zinc has 
previously been used in other studies as a reducing agent, but is rarely used in 
favour of cadmium due to lower reduction efficiencies [13]. Merino (2009) 
successfully employed zinc reduction for nitrate determination in foodstuffs and 
water, achieving an analytical range of 0-1.62 mg L-1 NO3- [14]. Ellis et al. (2011) 
then successfully developed a simple spectrophotometric flow analysis method 
using granular Zn for NO3- determination in water. This flow analysis method 
demonstrated an analytical range of 0.01 – 3.1 mg L-1 NO3- [15]. In addition, other 
successful nitrate colorimetric determination methods which move away from 
the use of cadmium have also recently been developed. However, these methods 
employ harsh corrosive reagents and are not well suited for use in test kits [16, 
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17]. Despite these recent developments, the cadmium reduction method is still 
the leading nitrate determination methodology.  
Within this study, an optimised zinc reduction method in combination with the 
Griess assay for water analysis is validated and assessed. Through blind sample 
analysis, the performance of the developed method is compared to that of an 
accredited IC according to ISO/IEC 17025:2005. For the blind sample analysis, a 
range of freshwater samples were analysed along with a selection of various 
effluents. The performance of the Zn powder method was also compared to that 
of a solid-based colorimetric nitrate determination method. The solid-based 
method was a novel non-toxic solid phase colorimetric method, developed by 
Nesterenko et al. (2016), which uses azo and diazo components, solid organic 
acid acidifier, catalyst, masking agent and zinc as the reducing agent [11]. The 
performance of the two methods was assessed following blind sample analysis of 
various water matrices. 
2.2 Experimental 
2.2.1 Materials and reagents 
All chemicals used within this work were of analytical grade purity. 
Sulphanilamide, hydrochloric acid (37 %) and N-(1-naphtyl)-ethylenediamine 
dihydrochloride (NED) used to prepare Griess reagent were purchased from 
Sigma-Aldrich (Gillingham, UK). Zinc (99.99 %) in powder form with a particle 
size of 150 µm was purchased from VWR International. Chromotropic acid, p-
nitroaniline, potassium chloride, malonic acid, potassium bromide and EDTA 
disodium salt were all purchased from Sigma-Aldrich. All solutions and dilutions 
were prepared using high-purity deionised water (18 MΩ cm). TelLab’s certified 
1000 mg L-1 nitrate standard and 100 mg L-1 nitrite standard were used as the 
stock solutions, from which working nitrate and nitrite standards were prepared 
via serial dilutions. A range of environmental samples were provided by the 
Environmental Department within TelLab. Six drinking water samples from 
various customer wells, effluent samples from a pump manufacturing facility, a 
water treatment facility and a hospital, a river water sample and seawater 
samples from Wexford harbour were investigated. 
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2.2.2 Instrumentation 
Spectroscopic measurements were performed on a Unicam UV500 
spectrophotometer using a 1 cm path length Hellma far-UV quartz cuvette 
applicable to the range 200-2500 nm. The wavelength range of the 
spectrophotometer was 190-1100 nm. The bandwidth was 1.5 nm, and an 
integration time of 2 s was used. IC determination of nitrate was carried out using 
an isocratic Dionex DX-120 Ion Chromatograph (Dionex, Sunnyvale, USA), 
equipped with autosampler and a Dionex AERS 500 anion self-regenerating 
suppressor for suppressed conductivity detection. 
2.2.3 Methods 
Proposed nitrate determination method using Zn reduction 
Proposed nitrate determination method using Zn reduction. The Griess reagent 
which was used was prepared as described by Robledo et al. (2014) [10]. 
Sulphanilamide reagent was prepared by adding 10 mL of concentrated 
hydrochloric acid (37%) to 60 mL of deionised water and 1.0 g of sulphanilamide 
was then added to the solution. This solution was then diluted to 100 mL with 
deionised water. The NED reagent was prepared by dissolving 0.1 g of NED in 
100 mL of deionised water. Both reagents were then mixed in equal proportions 
to produce Griess reagent. To a 10 mL volume of sample solution, 1 mL of Griess 
reagent was added. A 25 mg quantity of Zn powder, particle size 150 µm, was 
then added. The sample container was shaken 20 times in an up down motion 
and the solution was allowed to stand for 10 min. Following this, a 2 mL portion 
of this solution was immediately transferred into a cuvette and analysed 
spectrophotometrically using UV-Vis at a wavelength of 540 nm. The reaction 
mechanisms for the reduction of nitrate to nitrite using zinc, and the subsequent 
detection of nitrite employing the Griess assay are highlighted in eqn (1) and (2) 
respectively. 
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                                                (1) 
 
        (2) 
 
Ion-chromatographic analysis 
The IC system which was used was accredited by the Irish National Accreditation 
Board (INAB) according to ISO 17025:2005. Prior to analysis all samples were 
filtered using a 0.2 µm pore size membrane filter to remove debris. An eluent 
comprised of 3.5 mM Na2CO3 / 1.0 mM NaHCO3 solution was used at a flowrate 
of 1.2 mL min-1. An IonPac AS14 (250 X 4 mm I.D.) anion exchange column along 
with an AERS 500 anionic suppressor (Dionex, Sunnyvale, USA) was used.   
Solid-phase test reagent 
The solid-phase reagent was comprised of p-nitroaniline (2 mass %), 
chromotropic acid (2 mass %), potassium chloride (4 mass %), potassium 
bromide (12 mass %), EDTA disodium salt (0.4 mass %) and malonic acid (79.6 
mass %). To this 1.5 % Zn powder was added relative to the amount of solid 
reagent. For the determination of nitrate, a 5 mL volume of sample was added to 
a 100 ± 1 mg portion of the powdered reagent and allowed to react. When a 
sample containing nitrate was added to the powder, the reagent powder 
dissolved within 10 – 15 sec and colour formation began within 1 min. At low 
nitrate concentrations (0.5 mg/L), the colour change which was observed was 
from pale hay-yellow to ochroid-yellow. At higher concentrations of nitrate (up 
to 100 mg/L), the colour transitioned to a ripe cherry red. The intermediate hues 
which were observed were orange-yellow, orange, orange-red and red. A 
wavelength of 515 nm was determined to be the λmax and was used to determine 
sample nitrate concentrations. 
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2.3 Results and Discussion 
2.3.1 Determination of optimum working conditions for the Zn powder 
method 
In order to determine the optimum quantity of Zn powder to be used, quantities 
of Zn powder ranging from 10 – 250 mg were added to a sample container 
containing 10 mL of 10 mg/L NO3- standard solution and 1 mL Griess reagent. 
Each sample container was shaken 10 times and allowed to stand for 5 min. The 
average absorbance (n=3) for each quantity was calculated and plotted against 
the quantity of Zn powder added as shown in Figure 2.1A. The highest 
absorbance was routinely observed when 25 mg of Zn powder was added. Thus, 
the quantity of 25 mg of Zn was determined to be optimal. The decrease in 
absorbance readings when higher quantities of Zn is used is likely attributed to 
the over reduction of nitrogen to lower oxidation states such as ammonia. 
Furthermore, when higher quantities of Zn powder are added, this leads to an 
increased turbidity and consequently a drop in absorbance values. 
The effect of mixing on NO3- reduction using Zn powder was then established. A 
sample container containing 1 mL of Griess reagent, 10 mL of 10 mg/L NO3- 
standard and 25 mg of Zn powder was shaken a specific number of times (1 – 60 
times) in an up-down motion at a rate of 1 shake per second. Each solution was 
allowed to stand for 5 min and the absorbance was measured. As illustrated in 
Figure 2.1B, by shaking the solution 20 times the greatest reduction efficiency is 
achieved as an absorbance of 0.699 was obtained. The decrease in absorbance 
resulted due to the fact, the more the sample is shaken, the greater the contact 
time between the reductant and the sample. Thus, an over reduction of nitrogen 
to lower oxidation states most likely occurs. Kinetic studies were then carried 
out. In order to establish whether or not different kinetic profiles are observed 
for different nitrate concentrations, both a 5 mg/L NO3- solution and a 45 mg/L 
NO3- solution were assessed. As demonstrated in Figure 2.1C, the absorbance 
readings increased for both solutions until 5 min and then declined. Although the 
highest absorbance was observed at 5 min, a considerable standard deviation 
was also present. As the lowest standard deviation was observed at 10 min, a 
standing time of 10 min was selected as optimal. According to Nollet et al. (2013), 
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reduction using metallic zinc requires a strict control of standing time in order to 
avoid reduction of nitrogen to lower oxidation states [12]. The results obtained 
in this experiment are in agreement with this statement as absorbance readings 
fluctuate with varying standing times.  
 
Figure 2.1: (A) Quantity of Zn powder used and resulting absorbance values 
when analysing a 10 mg/L NO3- standard; (B) Effect of mixing on reduction of 
nitrate analysing a 10 mg/L NO3- standard; (C) Kinetic study for NO3- standard 
solutions using Zn powder to reduce nitrate to nitrite (n=3). The top graph was 
obtained when analysing a 5 mg/L NO3- standard and the bottom graph was 
obtained when analysing a 45 mg/L NO3- standard. 
 
2.3.2 Method Validation 
Calibration Curves 
Firstly, a calibration curve for nitrite (Figure 2.2A) was generated by analysing 
fresh nitrite standards using the standard Griess assay (n=5). The linear range 
was determined to be between 0.025-4.0 mg/L NO2-. Following this, nitrate 
standards were analysed using the optimised Zn powder method and a nitrate 
calibration curve was generated (n=5). This calibration curve is shown in Figure 
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2.2B. The linear range was 0.5 – 45 mg/L NO3-. Due to the low standard deviation 
which was observed, error bars are not clearly visible despite being present on 
both graphs. The upper detection limit of the method was determined to be 45 
mg/L NO3-. At concentrations above this point, the detectable difference in 
colour and absorbance values decreased. 
 
Figure 2.2: (A) Nitrite calibration curve using Griess Assay; (B) Nitrate 
calibration curve using Zn powder method (n=5) 
Sample Analysis 
All water samples were analysed in triplicate over a five-day validation period 
(i.e. n=15). The four sample matrices were firstly analysed using Griess reagent 
to establish whether or not nitrite was present. An average absorbance of 0.058 
AU was observed for the seawater sample, which correlated to a nitrite 
concentration of 0.0895 mg/L NO2-. While no absorbance was obtained for the 
other matrices meaning no nitrite was present. The nitrite content (expressed 
as 0.027 mg/L NO2--N) present within the seawater sample was subtracted from 
the concentration (mg/L NO3--N) obtained when analysing the seawater for 
nitrate. Using the equation of the line from the calibration curve shown in Figure 
2.2B, the concentrations of nitrate in the sample solutions were determined 
based on the average absorbance obtained. The actual nitrate concentrations 
present in each of the samples determined using IC, the average nitrate 
concentrations determined using the Zn powder method, the standard deviation 
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and the RSD values are shown in Table 2.1. The actual nitrate concentrations 
present in the seawater samples were determined using standard Hach 
spectrophotometric methods. The low range cadmium reduction method 
(method 8192) was used for the unspiked sample and the high range cadmium 
reduction method (method 8171) was used for the spiked sample. 
Table 2.1: Actual nitrate concentrations in samples and determined 
concentrations within samples (n=15). The QC20 sample was a quality control 
20 mg/L NO3- standard, LOD 1 was a 0.5 mg/L NO3- standard and LOD 2 was a 1 
mg/L NO3- standard. These samples were used for validation calculations. 
Sample 
Actual 
NO3- Conc. 
 (mg/L) 
Average NO3- Conc. 
(mg/L) 
Determined using 
Zn Powder Method  
Standard 
Deviation 
 (n=15) 
RSD 
(%, 
n=15) 
QC20 20.40 21.26 1.05 4.93 
LOD 1 0.51 0.33 0.08 24.24 
LOD 2 1.02 0.76 0.08 10.52 
Potable Water 
Unspiked 
14.23 15.68 0.42 2.68 
Potable Spiked 24.15 24.02 0.76 3.16 
Effluent 
Unspiked 
18.07 18.47 0.40 2.16 
Effluent Spiked 28.05 28.49 0.78 2.74 
Stream Water 
Unspiked 
25.02 26.89 0.85 3.16 
Stream Water 
Spiked 
35.03 36.26 1.85 5.10 
Sea Water 
Unspiked* 
0.12 < 0.5 / / 
Sea Water 
Spiked** 
10.04 6.41 0.57 8.89 
 
* Hach LR cadmium reduction method (method 8192) used to determine NO3- concentration 
** Hach HR cadmium reduction method (method 8171) used to determine NO3- concentration 
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From the information obtained from the analysis of the spiked and unspiked 
samples over the five-day period, the recovery, uncertainty and limit of 
detection of the method were calculated. The calculations were carried out using 
equations recommended by the Water Research Centre’s (WRC) guide to 
analytical quality control for water analysis, document CEN/TC 230 N 180 
section 8, and ‘standard methods for the examination of water and wastewater’ 
[18]. 
Recovery 
Recoveries were calculated for each of the sample matrices and are represented 
as a percentage. Recoveries were calculated using equations as recommended 
by Eaton et al. (2005) [18]. 
Recovery = Spiked Conc. – ((Unspiked Conc./250 mL) x 247.5 mL) 
Recovery % = Recovery/10 mg/L x 100 % 
The nitrate concentration determined within the unspiked samples were 
divided by 250 mL, then multiplied by 247.5 mL to account for dilution. This was 
due to the fact that the spiked samples were prepared by pipetting 2.5 mL of 
1000 mg/L NO3- standard into a 250 mL volumetric flask which was filled to the 
mark with the specific sample matrix. The calculated recovery was then divided 
by 10 mg/L, as 10 mg/L was the concentration of the spike. By multiplying this 
value by 100, recovery as a percentage is obtained. From the calculated 
recoveries, average recoveries were determined and these recoveries as 
percentages are illustrated in Table 2.2 below. 
Table 2.2: Recoveries observed for each sample matrix and associated standard 
deviation for nitrate analysis using Zn powder method 
Sample Average Recovery 
Standard Deviation 
(%, n=15) 
Drinking Water 85.06% 0.507 
Effluent Water 102.06% 0.508 
Surface Water 96.34% 1.453 
Sea Water 64.09% 0.523 
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According to the WRC, a recovery value observed within the range 85–115 % is 
seen as a suitable recovery in terms of validation [18]. The average recovery 
obtained for drinking, effluent and surface water matrices were within this 
accreditation range and thus demonstrated suitable accuracy. However, the 
recovery observed for the seawater matrix was 64.09 % and was therefore 
outside of the desired range. Based on this result, the developed Zn powder 
method would not be applicable for nitrate determination within seawater. This 
observation is in agreement with an interference study which was recently 
carried out by Jayawardane et al. (2014) when analysing for nitrate using zinc in 
combination with the Griess assay. Following the assessment of a wide range of 
potential interfering ions, it was shown that Na+ had the greatest interfering 
effect. When analysing nitrate in solutions containing 1150 mg L-1 Na+ and above, 
a percentage recovery of 58.9 ± 10.4 % was observed [22]. Ellis et al. (2011) 
overcame these interferences through the use of granular zinc and citrate buffer, 
as ions such as Na+, Mg2+ Ca2+ Fe2+ and Cu2+ had no significant interfering effect 
on nitrate determination [15]. However, this method only achieved an analytical 
range up to 3.1 mg L-1 NO3-, well below the nitrate levels which are readily 
observed in freshwater samples. 
Limit of Detection 
Two samples were analysed to determine the limit of detection of the Zn powder 
method. LOD 1 was a 0.5 mg/L NO3- standard and LOD 2 was a 1 mg/L NO3- 
standard. The concentrations determined over the five-day validation period and 
standard deviations for the two LOD samples are shown in Table 2.3 which 
follows. 
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Table 2.3: Concentrations and standard deviation for LOD 1 and LOD 2 
Day LOD 1 (mg/L NO3-) LOD 2 (mg/L NO3-) 
1 
0.33 0.68 
0.27 0.78 
0.24 0.71 
2 
0.22 0.63 
0.23 0.60 
0.25 0.70 
3 
0.45 0.78 
0.44 0.80 
0.38 0.80 
4 
0.32 0.76 
0.30 0.81 
0.30 0.77 
5 
0.39 0.84 
0.40 0.85 
0.42 0.91 
Average Concentration 0.33 0.76 
Standard Deviation 0.08 0.08 
 
According to Eaton et al. (2005), the average concentration obtained for the NO3- 
standard must > 4 times the standard deviation of the pooled results for a 
concentration to be accepted as the limit of detection [18]. In this case, results 
indicated that 0.5 mg/L NO3- was an acceptable limit of detection for 
accreditation. 
Uncertainty 
The uncertainties associated with each sample matrix were calculated using 
equations as recommended by Eaton et al. (2005) [18].  
% Uncertainty   =   (2(PR)2 + 2(WR)2)½ 
Where: 
PR (Precision) = √ Sum of square difference/(n-1) 
WR (Bias) = √ Sum of square difference/n 
Difference = Recovery - 10 (As sample was spiked with 10 mg/L NO3-) 
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The expanded uncertainties associated with each matrix were also calculated. 
The expanded uncertainty (U) for each matrix was calculated using the following 
equation; 
U = (k)(u) 
Where k was the coverage factor and u was standard uncertainty. In this case a 
coverage factor of 2 was used, defining an interval with a confidence level of 
approximately 95 %. The % uncertainty and expanded uncertainties determined 
for each sample matrix are illustrated in Table 2.4. Each sample was analysed in 
triplicate over the five-day validation period. Uncertainty was lowest for the 
effluent water matrix. The effluent sample was taken from a pump manufacturing 
plant following treatment of the raw effluent in the complexes water treatment 
facility. This treatment of the effluent most likely enabled the low uncertainty 
value to be achieved. The uncertainty determined for the drinking and surface 
water matrices were also at low levels. The highest uncertainty was observed for 
the seawater matrix, as an expanded uncertainty of ± 1.471 mg/L NO3- was 
obtained. This again highlights the image that this Zn powder method is not 
applicable for seawater analysis. 
Table 2.4: Calculated uncertainties associated with each sample matrix (n=15)   
Sample % Uncertainty 
Expanded 
Uncertainty 
Drinking Water 3.234 ± 0.65 mg/L 
Effluent Water 0.983 ± 0.19 mg/L 
Surface Water 2.597 ± 0.52 mg/L 
Sea Water 7.353 ± 1.47 mg/L 
 
2.3.3 Comparison of Zn powder method against accredited IC analysis 
Blind sample analysis was carried out for this comparison study. The samples 
were analysed using the Zn powder method and an accredited IC method. 
Samples were analysed for nitrite first by adding Griess reagent only to the 
sample solution. The nitrite concentration was determined using the calibration 
curve in Figure 2.2A. The samples were then analysed for nitrate using the 
optimised Zn powder method. The nitrite concentration (mg/L NO2--N) present 
in the sample was subtracted from the nitrate concentration (mg/L NO3--N) 
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determined using the Zn powder method. The nitrate concentrations determined 
within each sample using the Zn powder method in comparison to the nitrate 
concentrations determined using an accredited IC are shown in Table 2.5 below. 
Table 2.5: Nitrate concentrations observed following nitrate analysis using Zn 
powder method and a comparison against an accredited IC system (n=5)  
Sample Characteristics 
Zn Powder 
Method 
(mg/L NO
3
-
) 
Accredited 
IC 
(mg/L NO
3
-
) 
Percentage 
Difference 
(%) 
A Potable Water 37.06 37.51 1.20 
B Stream Water 19.75 19.16 3.08 
C Effluent 13.54 11.71 15.63 
D Potable Water 51.51* 50.93 1.14 
E Effluent 46.52* 49.45 5.93 
H Blank < 0.5 0.49 - 
I 
10 mg/L 
Standard 
10.07 9.27 8.63 
 
* Concentrations which were above the upper limit of the Zn powder method 
On evaluation of the NO3- concentrations determined for each sample using IC and 
the developed Zn method, it is evident that the NO3- concentrations determined 
are comparable. The largest percentage difference was observed for the effluent 
sample as a difference of 15.63 % was obtained. This comparability highlights the 
effectiveness of the Zn powder method in terms of NO3- determination in various 
water matrices. 
2.3.4 Comparison against alternative colorimetric method 
Blind sample analysis was again carried out using a different range of water 
samples containing nitrate. Samples were analysed using IC, the developed Zn 
powder method and a novel solid-based reagent method. The nitrate 
concentrations obtained using each methodology are illustrated in Table 2.6. 
Again, a good correlation is observed between the developed Zn powder method 
and the accredited IC when analysing freshwater samples. The solid-phased 
method exhibited good accuracy when analysing samples containing higher NO3- 
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concentrations, but in general was less accurate compared to the Zn powder 
method. The solid-phased method demonstrated accurate analysis of the 
seawater sample, whereas the Zn powder method demonstrated poor accuracy 
when analysing the seawater matrix. 
Table 2.6: Nitrate concentrations of blind samples determined using IC, the 
developed Zn method and a novel solid-phased reagent method (n=5) 
Sample 
Reference 
Sample 
Characteristics 
IC 
(mg/L NO3-) 
Zn Powder 
Method 
(mg/L NO3-) 
Solid-Phased 
test reagent 
(mg/L NO3-) 
A Drinking water 37.87 38.51±0.15 38.99±0.09 
B Borehole 3.95 3.44±0.21 1.76±1.41 
C 
Standard 
(2 mg/L NO3-) 
2.17 1.95±0.07 4.59±0.09 
D Process Water 11.82 12.63±0.11 14.43±0.51 
E 
Standard 
(4 mg/L NO3-) 
3.89 3.12±0.31 6.26±0.18 
F Borehole 0.55 <0.5 3.48±0.16 
G 
Seawater* 
(10 mg/L NO3-) 
9.79 6.35±1.39 9.5±1.05 
 
* Hach HR cadmium reduction method (method 8171) used to determine NO3- in seawater sample 
2.4 Conclusions 
A nitrate determination method for use within portable, field water test kits 
based on nitrate reduction using zinc and the Griess assay was developed. When 
using Zn as a reducing agent for nitrate it was shown that Zn quantity, the extent 
of mixing and standing time had a significant effect on nitrate reduction 
efficiency. Following validation and investigation of performance characteristics 
it was shown that the developed method is capable of determining nitrate in 
various water matrices including drinking, river, effluent and groundwater. 
However, the method was not applicable to marine water. When compared to a 
novel non-toxic solid-based reagent method the Zn powder method 
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demonstrated greater accuracy when analysing freshwater. The developed Zn 
method allows for ease of use at fast analysis times and the method is now being 
employed within TelLab's Hydromonitrix water test kits for NO3- analysis [19]. 
In comparison to leading freshwater test kits [20, 21], the Hydromonitrix NO3- 
test kit offers the potential for greater analytical accuracy than test strip kits and 
is less toxic than cadmium-based nitrate test kits. In addition, the Zn method also 
offers the potential to be coupled with a portable spectrophotometer, providing 
the opportunity to achieve higher sensitivity and reproducibility in comparison 
to using visual test kits [23]. 
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Chapter Overview 
This chapter moves beyond the simplistic manual in-field test kit described in 
chapter 2 and investigates a chromatographic approach towards automated, in-
situ nutrient analysis in waters. Chapter 3 describes the design, development and 
testing of a novel miniaturised capillary IC which incorporates indirect UV LED 
based detection for anion analysis in environmental waters. The IC has a modular 
design and is low-cost, costing < €5000, in comparison to state-of-the-art bench 
top IC systems. A basic bench top anion IC, such as a Dionex Aquion costs ~ 
€40,000, while a high-pressure dual ion bench top IC, such as a Dionex ICS5000 
costs ~ €110,000. The miniaturised IC system allows for the analysis of nitrate, 
nitrite and other small inorganic anions over broad concentration ranges with 
limits of detection applicable to water legislation compliances. 
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Abstract 
A miniaturised, flexible and low-cost capillary ion chromatography system has 
been developed for anion analysis in water. The ion chromatograph has an open 
platform, modular design and allows for ease of modification. The assembled 
platform weighs ca. 0.6 kg and is 25 x 25 cm in size. Isocratic separation of 
common anions (F-, Cl-, NO2-, Br- and NO3-) could be achieved in under 15 min 
using sodium benzoate eluent at a flow rate of 3 µL/min, a packed capillary 
column (0.150 x 150 mm) containing Waters IC-Pak 10 µm anion exchange 
resin, and light emitting diode based indirect UV detection. Several low UV LEDs 
were assessed in terms of detection sensitivity, including a new 235 nm LED, 
however the highest sensitivity was demonstrated using a 255 nm LED. Linear 
calibration ranges applicable to typical natural water analysis were obtained. 
For retention time and peak area repeatability, relative standard deviation 
values ranged from 0.60 – 0.95 % and 1.95 – 3.53 %, respectively. Several water 
samples were analysed and accuracy (recovery) was demonstrated through 
analysis of a prepared mixed anion standard. Relative errors of - 0.36, - 1.25, - 
0.80 and - 0.76 % were obtained for fluoride, chloride, nitrite and nitrate 
respectively. 
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3.1. Introduction 
As human populations expand and industrial and agricultural activities grow, 
declining water quality has become an increasing global concern. Globally, a 
broad range of legislation exists which is in place to help protect water quality 
[1-3]. As a result of such legislation, monitoring of water quality from numerous 
water sources is required. Drinking water, municipal wastewaters and 
environmental waters (groundwater and surface waters both fresh and marine) 
all must be monitored according to legislation [4]. At present, water monitoring 
is primarily based on manual grab sampling. Discrete samples are collected from 
specific locations at certain times and are transported to a laboratory for 
analysis. For stable anions such as Cl- and F-, when carried out correctly, this 
approach yields high quality qualitative and quantitative data. However, for 
those less stable anion species (e.g. NO2-), changes to sample composition and 
integrity during collection and transportation is a concern. In addition, high 
costs are associated with this ‘grab and lab’ approach, due to personnel 
requirements for sample collection, transportation and analysis. In the field of 
environmental monitoring, this results in limited temporal and spatial data, 
affecting the accuracy of large-scale pollution profiles. To address such 
challenges, there has been, and continues to be, great interest in the 
development of portable and/or miniaturised analytical systems, capable of 
performing analytical measurements in-situ [5]. 
When considering the analysis of ionic species in water, ion chromatography 
(IC) is regarded as the standard analytical technique. However, traditional 
bench-top IC systems are far from portable due to their physical size, weight, 
eluent requirements and power consumption. As a result, it is not practical or 
cost-effective to attempt to use bench-top systems for in-situ water monitoring 
[6]. Over the years, several attempts at producing portable IC systems have been 
reported, primarily aimed at monitoring inorganic and organic ions in natural 
waters. For example, in the 1990s, Baram et al. [7] reported a portable LC system 
capable of ion analysis, albeit weighing ca. 15 kg, for use in a mobile laboratory. 
Boringa et al. [8] also described a portable IC, in this case reduced to 10 kg in 
weight, which used capillary columns and conductometric detection. Soon after, 
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Tanaka et al. [9] employed a commercially available IC, powered for remote use 
by a car battery. The weight of the instrument without the battery was again 15 
kg. In the early 2000s, Kalyakina et al. [10] also produced a portable IC with 
conductivity detection, with a system weight of 10 kg. More recently, Kiplagat et 
al. [11] presented a lightweight IC system (< 2.5 kg) for cation analysis based on 
gravity flow eluent delivery and open tubular capillaries, and most recently, 
Elkin [12] has demonstrated an autonomous IC for on-site analysis. The system 
used standard components and weighted 13 kg excluding the batteries and solar 
cells. 
In this current work, we explore a different approach towards the development 
of a portable, miniaturised, lightweight and low-cost IC system, than all those 
previously reported. Building on work recently reported by Li et al. [13], we have 
developed a simple capillary IC system, assembled on a small footprint modular 
platform with an interchangeable design, comprised predominantly of off-the-
shelf miniature and lightweight components. This design approach allowed for a 
light, flexible and low-cost system, in comparison to the previous ‘portable’ 
systems described above. In this paper, the characterisation and application of 
the miniaturised capillary IC is described. The analytical capillary column was 
fabricated and packed in-house using a commercial anion exchange resin. An 
indirect UV absorbance detection method was employed using a capillary scale 
UV LED – photodiode based detector, for the analysis of fluoride, chloride, nitrite 
and nitrate in various water samples. The analytical performance and 
repeatability of the system was assessed for the anions of interest. Water samples 
and standard solutions were analysed using the miniaturised IC and the results 
obtained are presented. 
3.2. Materials and methods 
3.2.1 Reagents and materials 
All chemicals used within this work were of analytical or higher grade. All 
dilutions and solutions were prepared using high-purity deionised water (Milli-
Q). Sodium benzoate used as the eluent was purchased from Ajax Chemicals 
(Auburn, NSW, AU). The quaternary amine functionalised polymethacrylate 
particulate stationary phase used herein (10 µm particles) was obtained from a 
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Waters IC-Pak anion column (4.6 x 50 mm). D-Gluconic acid solution (49 – 53 wt. 
% in H2O) and boric acid used within the column packing procedure were 
purchased from Sigma Aldrich (St. Louis, MO). Fluoride, chloride, nitrite and 
nitrate stock solutions were prepared in-house using NaF, NaCl, NaNO2 and KNO3 
salts respectively (Sigma-Aldrich Co., St. Louis, MO). Anion standard solutions of 
varying concentrations were prepared by dilution of the stock solutions. 
3.2.2 Packing of capillary anion exchange column 
For column packing, a capillary column packing kit from Trajan Medical and 
Scientific was used (Trajan Medical and Scientific, Melbourne, Australia). The 
Waters IC-Pak anion phase was used to prepare a 500 µL slurry in 1.3 mM 
gluconic acid and boric acid (buffer A). Using the column packing kit, an aliquot 
of 175 µL of the slurry was placed in the packing reservoir, by means of a 1.27 
mm diameter syringe (18 gauge), until the reservoir was full. The PEEKsil 
capillary column was connected to the slurry column and a fritted ferrule was 
added as a retaining frit. The column was connected to a Thermo Scientific 
Ultimate 3000 Rapid Separation LC system. Using a flow rate of 10 µL/min, buffer 
A was used to flush particles from the packing reservoir to the 0.150 x 150 mm 
PEEKsil column. The column was left packing overnight, with an observed 
pressure drop of approximately 240 bar. The column was then equilibrated with 
a sodium benzoate eluent and used for anion separations on the portable IC 
system.   
3.2.3 Capillary ion chromatography platform 
Before the integration of the indirect method onto the miniaturised IC platform, 
the method was first demonstrated and optimised in terms of wavelength 
selection and eluent concentration using a standard benchtop IC. The miniature 
IC platform design was an adapted variation of the medium pressure LC system 
previously reported by Li et al. [13]. The IC system was fabricated using a 
LabSmith uProcessTM microfluidic system with other off-the-shelf components 
integrated into the system [14]. The microfluidic, automated pumping system 
was comprised of four SPS01 microsyringe pumps (100 x 25 x 21 mm) with 20 
µL SPS01 glass syringes. Three pumps were used for eluent delivery and one 
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pump was used for automatic sample injection. Three AV201-C360 four port, 
two position microfluidic switching valves (LabSmith, Livermore, CA, USA) were 
used for eluent delivery and a fourth microfluidic switching valve was used for 
automated sample injection. An AV303 automated 6-port injection valve was 
used for sample introduction into the system [15]. A sample loop volume of 300 
nL was used for analysis. All LabSmith system components were driven and 
operated using uProcessTM (LabSmith) software. Anion separation was achieved 
using the in-house packed 150 µm i.d. PEEKSil capillary column, 150 mm in 
length. The eluent used for sample analysis was 1.5 mM sodium benzoate. 
System components were connected using PEEK capillary (150 µm i.d., 360 µm 
o.d.; LabSmith). Capillaries and system components were connected using PEEK 
fittings (150 µm i.d.; LabSmith). The capillary IC system configuration and 
design is illustrated both schematically and as a photograph within Figure 3.1. 
Indirect UV-absorption detection within the platform was achieved using an 
LED-based capillary scale photometric detection system, employing a z-shaped 
flow cell obtained from Knauer 2600 UV detector (Knauer, Berlin, Germany) and 
LED-photodiode holder, the optical performance of which is described in detail 
by Li et al. (2018) [16]. The LED light source was connected to a fibre optic cable, 
which was then connected to a holder attached to the z-flow cell. The 
photodiode was fixed into a holder on the opposite side of the z-flow cell, 
allowing optical alignment of the LED and the photodiode. To control and record 
the LED current and detector signal, an in-house fabricated controlling unit was 
used [17]. The detector signal generated by the controlling unit was absorbance, 
which was obtained through digital log conversion. The output absorbance 
generated by the controlling unit was fed into an EDAQ (Denistone East, NSW, 
Australia) PowerChrom 280 System (Model ER280)) interface unit which 
interfaced the LED detection system with the eChart software used to generate 
chromatograms. The LEDs which were used within this work were purchased 
from Crystal IS (Green Island, NY, USA). LEDs with emission wavelengths of 235, 
255 and 280 nm were used. A broadband SiC based UV photodiode (TOCON 
ABC2) purchased from Sglux SolGel Technologies GmbH (Berlin, Germany) was 
used for detection for all wavelengths investigated. 
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Figure 3.1 (a) Schematic of miniaturised IC system. (b) Photograph of IC 
platform with system components labelled as follows: A - syringe pumps 
attached to eluent reservoir, B - switching valves, C - injection valve, D - capillary 
column, E - optical detection z-cell, F - data acquisition units. The IC platform 
itself is 25 x 25 cm and weighs < 600 g. 
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3.3. Results and discussions 
3.3.1 LED comparison and assessment 
Deep UV LEDs emitting at 255 and 280 nm have previously been coupled with 
standard HPLC systems for direct optical detection [18], and more recently, a 
235 nm LED has been demonstrated for on-capillary direct UV detection [19]. 
Herein, three UVC range LEDs (235 nm, 255 nm and 280 nm) were assessed as 
light sources and compared in terms of overall detector sensitivity and 
performance when applied in indirect UV detection mode, using the benzoate 
eluent, for the common inorganic anions of interest. These UVC range LEDs were 
selected to provide sufficient light, at or close to, the λmax of the absorbance 
spectrum of the sodium benzoate eluent, which lies within the region ~ 230 nm. 
Typical chromatograms of a four-anion standard obtained using the capillary 
platform and the capillary absorbance detector, fitted with each of the above 
LEDs are shown in Figure 3.2. The output parameters, including energy 
efficiency (calculated by dividing optical energy out by electrical energy in), of 
each UVC LED used and performance in terms of measured signal-to-noise ratio 
(S/N) for each anion of interest can be found within Table 3.1 [20]. The S/N for 
each LED was determined through the analysis of a four-anion standard 
containing 5 mg L-1 F- and Cl-, 10 mg L-1 NO2- and 15 mg L-1 NO3-. The level of 
signal resulting from the presence of each analyte was compared to the 
background noise level. Background noise results from a combination of 
electrical noise associated with the LED, pumping of the eluent and the amount 
of light which passes through the detection cell which is a function of LED optical 
output. As can be seen from Figure 3.2, each LED was successful in providing 
sufficient UV light to enable indirect UV absorbance detection, but each vary in 
terms of signal intensity.  Therefore, although all three LEDs can be used in this 
mode, as can be seen from Table 3.1, under the conditions applied, the highest 
signal-to-noise ratio with indirect absorbance mode was obtained using the 255 
nm LED. As a result, the 255 nm LED was selected as the detector of choice for 
more detailed evaluation within the miniaturised IC system. 
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Table 3.1: UVC LED parameters and S/N ratios obtained analysing a four-anion 
standard containing 5 mg L-1 F- and Cl-, 10 mg L-1 NO2- and 15 mg L-1 NO3- 
LED 
Peak 
Wavelength 
(nm) 
Optical 
Power 
(mW) 
Electrical 
Power 
(mW) 
Energy 
Conversion 
Rate (%) 
S/N for each anion 
F- Cl- NO2- NO3- 
280  279 1.48 812 0.183 10.8 4.8 7.3 2.8 
235 236 0.05 1030 0.005 9.5 5.5 5.3 4.1 
255 257 0.79 902 0.097 51.7 27.7 35.2 27.7 
 
 
  
Figure 3.2: Performance comparison when using a 280 nm LED (orange 
chromatogram), 235 nm LED (blue chromatogram) and a 255 nm LED (black 
chromatogram). Each chromatogram represents a 300 nL injection volume of 4-
anion standard containing 5 mg L-1 F- and Cl-, 10 mg L-1 NO2- and 15 mg L-1 NO3-. 
Eluent was 1.5 mM NaC7H5O2 at a flow rate of 3 µL min-1 using the in-house 
packed capillary column. 
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3.3.2 Chromatographic repeatability 
Measurement repeatability is an important factor when considering any IC 
system as it can be seen as a measure of instrument stability. Repeatability is also 
of distinct importance in relation to potential portability of the IC, particularly 
when applied for in-situ, or automated analysis [12]. Eleven chromatograms were 
generated for a four-anion standard solution. Prior to the first injection, the 
system was equilibrated with the eluent for approximately 25 min. Automatic 
injection was configured using an additional syringe pump. The four-anion 
standard solution was injected every 20 min. The overlaid ion chromatograms for 
six sequential injections are shown in Figure 3.3. The repeatability of the 
retention times and peak areas are presented in Table 3.2. The RSDs of peak areas 
and retention times for the 11 runs ranged from 1.95 – 3.53 % and 0.60 – 0.95 % 
respectively, and are comparable to the small-scale IC system reported by Elkin 
[12] over the same number of runs. Given the simple design of the micro-syringe 
pumps used herein, the relatively low back-pressure of the capillary column (<14 
bar), together with the simple LED based detection, the repeatability data 
generated were satisfactory and comparable to typical commercial IC systems. 
 
Figure 3.3: Repeatability of six sequential chromatograms (offset 1.2 mAU). 
Chromatographic conditions as above, each chromatogram represents 300 nL 
injection of the 4-anion standard. 
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Table 3.2: Repeatability study analysing a 300 nL injection volume of 4-anion 
standard containing 5 mg L-1 F- and Cl-, 10 mg L-1 NO2- and 15 mg L-1 NO3-. The 
eluent was 1.5 mM NaC7H5O2 at a flow rate of 3 µL min-1 using the in-house packed 
capillary column and 255 nm LED with optical cell. 
Analyte 
Average 
Retention 
Time (min) 
Retention Time 
RSD 
(n = 11) 
Average 
Peak Area 
(mAU*s) 
Peak Area 
 RSD 
(n = 11) 
Fluoride 3.84 0.78% 440.15 2.46% 
Chloride 6.31 0.95% 257.51 3.53% 
Nitrite 8.29 0.60% 376.15 1.95% 
Nitrate 12.43 0.72% 439.98 2.99% 
 
3.3.3 Capillary IC analytical performance 
The developed basic method and capillary IC platform allowed for the 
simultaneous separation and detection of two important nitrogen nutrients, 
namely nitrite and nitrate, along with other small inorganic anions such as 
fluoride and chloride. Under the applied conditions the capillary IC delivered a 
run time of under 15 min, allowing for a sampling rate of four samples per hour. 
Satisfactory resolution was observed and the calibration plots obtained for the 
selected anions were linear over sufficiently wide concentration ranges. Linear 
ranges of 0.30 – 33.28, 0.30 – 51.20, 0.50 – 89.60 and 0.90 – 154.00 mg L-1 were 
obtained for F-, Cl-, NO2- and NO3-, respectively. Calibration plots for each analyte 
are graphically represented in Figure B1 – B4 of the supplementary information. 
The analytical parameters of the miniaturised IC system for the selected anions 
are summarised in Table 3.3. The limit of detection (LOD) for each analyte anion 
was calculated, using a signal-to-noise ratio (S/N) = 3 and the limit of 
quantification (LOQ) was calculated using S/N = 10 [12]. The sub-mg L-1 LODs 
obtained are comparable to those reported by others using standard 
instrumentation and indirect UV based methods [21-23], which given the 
capillary format applied herein, is also highly encouraging. The analytical 
performance demonstrated by the system, as listed within Table 3.3, confirms the 
suitability of the miniaturised IC platform for the analysis of a range of natural 
and potable waters. 
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Table 3.3: Assessment of performance of capillary IC for selected anions 
Analyte 
Linear Range 
(mg L-1) 
R2 
Relative LOD 
(mg L-1) 
Absolute 
LOD 
(pg) 
LOQ  
(mg L-1) 
Fluoride 0.30 - 33.28 0.999 0.17 51 0.56 
Chloride 0.30 - 51.20 0.999 0.21 63 0.71 
Nitrite 0.50 - 89.60 0.999 0.28 84 0.94 
Nitrate 0.90 - 154.00 0.999 0.54 162 1.80 
 
3.3.4 Water sample analysis 
Local tap water (Hobart), spring water (Mount Wellington Park) and a mixed 
standard solution of known concentration of anions was analysed by the system 
using prepared calibration curves to evaluate recovery and precision. Prior to 
analysis, all samples were filtered using 0.45 µm nylon filters to remove 
suspended particles. For anion quantitation, samples were analysed in triplicate. 
Table 3.4 shows the anion concentrations determined within each sample using 
the capillary IC system. The generated sample chromatograms are shown in 
Figure 3.4 (a). Additionally, the isocratic separation of another anion mixed 
standard, with bromide also included, is shown in Figure 3.4 (b).  
In terms of recovery data for the prepared mixed anion standard, acceptable 
relative errors were observed. Relative errors of - 0.36, - 1.25, - 0.80 and - 0.76 
% were obtained for fluoride, chloride, nitrite and nitrate respectively, 
indicating the accuracy of the miniaturised system. In relation to the water 
samples which were analysed by the system, the anion concentrations were as 
expected. According to the Department of Health and Human Services Tasmania, 
the fluoride concentration in municipal water supplies is 1 mg L-1 F- [24]. The 
fluoride concentration found in the tap water using the system of 1.06 mg ± 0.06 
L-1 F- is closely in agreement with this value. The chloride concentration 
determined within the tap water sample was in-line with typical chloride 
concentrations found in Tasmanian tap water and Southern Australian tap 
water as concentrations typically lie between 5 – 15 mg L-1 Cl- [25]. Chloride was 
the only anion of interest detected within the spring water sample (5.24 ± 0.18 
mg L-1 Cl-). 
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Table 3.4: Analysis of samples using capillary IC platform (n=3) 
Sample 
Fluoride 
(mg L-1 F-) 
Chloride 
(mg L-1 Cl-) 
Nitrite 
(mg L-1 NO2-) 
Nitrate 
(mg L-1 NO3-) 
Tap Water 1.06 ± 0.06 9.92 ± 0.18 - - 
Spring Water - 5.24 ± 0.18 - - 
Mixed Standard* 8.27 ± 0.14 12.64 ± 0.30 22.22 ± 0.32 38.11 ± 0.44 
*Anion concentrations in standard: 8.30 mg L-1 F-, 12.80 mg L-1 Cl-, 22.40 mg L-1 NO2-, 38.40 mg L-1 NO3- 
 
 
 
 
Figure 3.4: (a) Chromatograms of each analysed sample. Tap water sample (blue 
chromatogram), spring water sample (orange chromatogram), mixed standard 
sample (black chromatogram). For each sample, a 300 nL injection volume was 
used. The eluent was 1.5 mM NaC7H5O2 at a flow rate of 3 µL min-1 using the in-
house packed capillary column. (b) Chromatogram demonstrating the potential 
of the system to detect bromide with other anions. This chromatogram 
represents a 300 nL injection volume of 5-anion standard containing 4 mg L-1 F-, 
8 mg L-1 Cl-, 16 mg L-1 NO2- , 8 mg L-1 Br- and 30 mg L-1 NO3-. The eluent was 1.8 
mM NaC7H5O2, flow rate 2.8 µL min-1. 
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3.4 Conclusions 
A miniaturised, lightweight capillary IC system for the analysis of anions in 
water has been developed and demonstrated in a laboratory setting. The IC uses 
off-the-shelf low-cost, miniaturised components, compared to standard IC 
systems, and through a modular design enables flexible system modification. 
The analytical column used within the system was an in-house packed capillary 
containing Waters IC-Pak anion exchange resin which enabled sufficient 
separation of small inorganic anions. Indirect absorbance detection on a 
capillary scale was explored for the first time using low UV LEDs and 
photodiodes housed within a capillary z-cell type detector. The miniaturised IC 
demonstrated good performance in terms of repeatability and precision, and 
delivered a wide linear detection range for F-, Cl-, NO2- and NO3-. Several LEDs in 
the UVC wavelength range, including a new 235 nm LED, were tested within the 
system.  Detection was possible with all LEDs, however the 255 nm LED 
demonstrated the highest sensitivity and was selected for use within the system. 
Water samples were analysed using the miniaturised IC system and anion 
concentrations determined were within expected concentration levels. The 
accuracy of the developed system was demonstrated through the analysis of a 
prepared mixed anion standard, relative errors of no greater than 1.25 % were 
observed for each anion of interest.  
Future work and further development of the system will focus on further 
reducing cost, achieving portability for direct analysis in the environment and 
assessing the robustness of the system in the field. Rapid prototyping techniques 
to achieve the manufacture of low cost z-cell optical detection and a custom 
interface unit and communications system will be investigated with the system 
along with battery power towards autonomous deployment of the IC. 
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Chapter Overview 
This chapter builds on the work described in chapter 3. The miniaturised 
capillary IC demonstrated in the previous chapter represents a significant step 
towards cost-effective portable IC. However, the indirect UV detection method 
detects not only nutrient anions, but also other inorganic and organic analytes. 
This could result in coelution when analysing challenging matrices such as 
effluent or brackish waters. In addition, the flow cell used for detection was 
adapted from a UV-Vis instrument which presents challenges in terms of cost, but 
also in terms of component sourcing when considering mass manufacture. 
Chapter 4 describes the work carried out to overcome these issues. A new, low-
cost optical z-cell was designed and manufactured. A deep-UV 235 nm LED was 
also sourced and integrated into the optical cell to enable selective, direct UV 
detection of nitrate and nitrite. 
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Abstract 
A low cost, UV absorbance detector incorporating a 235 nm light emitting diode 
(LED) for portable ion chromatography has been designed and fabricated to 
achieve rapid, selective detection of nitrite and nitrate in natural waters. The 
optical cell was fabricated through micromilling and solvent vapour bonding of 
two layers of poly (methyl methacrylate) (PMMA). The cell was fitted within a 3D 
printed housing and the LED and photodiode were aligned using 3D printed 
holders. Isocratic separation and selective detection of nitrite and nitrate was 
achieved in under 2.5 min using the 235 nm LED based detector and custom 
electronics. The design of the new detector assembly allowed for effective and 
sustained operation of the deep UV LED source at a low current (< 10 mA), 
maintaining consistent and low LED temperatures during operation, eliminating 
the need for a heat sink. The detector cell was produced at a fraction of the cost 
of commercial optical cells and demonstrated very low stray light (0.01 %). For 
retention time and peak area repeatability, RSD values ranged from 0.75 – 1.10 
% and 3.06 – 4.19 %, respectively. Broad analytical ranges were obtained for 
nitrite and nitrate, with limits of detection at ppb levels. The analytical 
performance of the IC set up with optical cell was compared to that of an ISO-
accredited IC through the analysis of five various water samples. Relative errors 
not exceeding 6.86 % were obtained for all samples. The detector was also 
coupled to a low pressure, low cost syringe pump to assess the potential for use 
within a portable analytical system. RSD values for retention time and peak area 
using this simple configuration were < 1.15 % and < 3.57 % respectively, 
highlighting repeatability values comparable to those in which a commercial 
HPLC pump was used.  
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4.1. Introduction 
Nitrogen in the form of nitrite (NO2-) and nitrate (NO3-) is naturally found in 
environmental waters. These anions play an integral role in facilitating the 
growth of algae and flora essential for aquatic ecosystems. Despite their intrinsic 
nature within environmental waters, excessive levels of nitrate and nitrite, as a 
consequence of point and nonpoint pollution sources derived from 
anthropogenic activities, present a notable risk to both environmental and 
human health [1]. Both nitrite and nitrate contribute to eutrophication which 
results in the overproduction of algae and aquatic plants. Algal blooms readily 
produce toxins and bacteria which are harmful to human health. These blooms 
can also severely reduce oxygen levels in water which has a detrimental impact 
on aquatic life. In addition to environmental impacts, nutrient pollution also has 
a significant economic impact. In the U.S. alone, nutrient pollution costs $2.2 
billion dollars per year [2] and this economic impact is reflected on a global scale 
[3]. 
A broad range of standard analytical techniques exist for the analysis of nitrite 
and nitrate in water samples [4, 5], the most common of which being colorimetry 
and suppressed ion chromatography (IC) [6-8]. Under global legislation, such as 
the Water Framework Directive (WFD) within Europe and the U.S. Clean Water 
Act, the concentrations of nitrate and nitrite within environmental waters must 
be monitored. In order to achieve truly effective water quality management, 
deployable in-situ sensor systems capable of achieving high frequency and spatial 
data are required. With the advent of rapid prototyping technologies, such as 3D 
printing and micro-milling, a number of in-situ nitrite and nitrate analysers have 
been reported [9, 10]. Yet these technologies remain poorly implemented and 
have not seen widespread adoption for aquatic nutrient monitoring [11]. Leading 
in-situ analysers for nitrate and nitrite employ colorimetric chemistries coupled 
with visible LED based optical detection [9, 12]. These analysers require multiple 
reagents which can be affected by temperature and for nitrate detection require 
a reducing agent such as cadmium or vanadium chloride adding further 
complexity. A number of in-situ analysers which perform direct UV detection of 
nitrate are also commercially available, however these systems remain at a 
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significant price point and have high power consumption requirements due to 
the use of a UV lamp [13, 14]. Current technological limitations and prohibitive 
costs have hampered robust in-situ systems from becoming routinely used and 
adopted. [11].  
Over the past decade, light emitting diodes (LEDs) have seen increasing use 
within optical detectors across a broad range of applications within analytical 
chemistry [15]. Their low-cost (relative to traditional lamps), low power 
consumption, small size, robustness and narrow emission bandwidth, make them 
ideal for use within portable, miniature and deployable analytical systems. As 
mentioned above, until now, most nutrient analysis systems and approaches, 
which employ LED based detection, do so in conjunction with colorimetric 
chemistries in the visible or near UV spectrum, typically focused on nitrate, 
nitrite and phosphate detection [16, 17]. However, LEDs emitting in the deep-UV 
range (< 280 nm) have recently become more readily available [18] and have 
now been applied for absorbance detection in combination with a range of 
analytical techniques, e.g. HPLC, IC and CZE, for the detection of organic and 
inorganic analytes [19-22]. Given that nitrite and nitrate have maximum 
absorption wavelength values (λmax) of 209 and 200 nm respectively [23], a deep-
UVC LED of < 240 nm is required to enable direct absorbance-based detection of 
these species. Recently, Li et al. 2016 [24] demonstrated for the first time the use 
of a 235 nm LED for chemical analysis, performing direct absorbance detection 
of nitrate and nitrite using standard capillary IC coupled with a modified on-
capillary detector, comprising of a commercial optical interface. Within this 
detector set up, the LED required relatively high currents to generate sufficient 
light intensity for operation on a capillary scale. This high current saw increased 
LED temperatures, and as LED performance, lifetime and emission wavelength 
are negatively affected with increasing temperature, a heat sink for heat 
dissipation was required [25]. Similarly, Silveira Petruci et al. 2017 [26] 
demonstrated the use of a 235 nm LED for direct detection of organic analytes 
with standard commercial HPLC and again a heat sink was required for analysis. 
For portable low-cost instruments this additional requirement, albeit passive or 
active, adds unwanted complexity to the detector cell, which potentially could be 
avoided.  
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In this work, we describe an alternative deep-UV low-cost detector design, and 
demonstrate its simplicity and performance when applied as the optical detector 
with a portable IC configuration for nitrite and nitrate monitoring. The detector 
itself was fabricated using rapid prototyping techniques, including micromilling 
and 3D printing, and it incorporates a 235 nm deep-UV LED with UV photodiode 
for the direct detection of nitrite and nitrate. Rapid separation of the analytes is 
achieved using a low backpressure (< 12 bar) ion chromatography approach. The 
new design of the optical cell eliminates the need for heat sinks or heat 
dissipation and this is demonstrated through a thermal study of the LED within 
the optical detector during one hour of continuous operation. Without the need 
for a heat sink, complexity and manufacturing time associated with the optical 
detector is reduced.  Custom electronics were used with the detector facilitating 
portability and again enabling a reduction in system cost. The stray light and 
effective path length of the fabricated optical cell was determined, along with the 
analytical performance and chromatographic repeatability. Environmental 
samples and blind standards were also analysed using the prototype instrument 
to establish the analytical accuracy when using the direct UV absorbance 
approach. Finally, low cost eluent syringe pumps were fabricated and tested with 
the developed method and detector to demonstrate the potential for 
implementation within a portable format. 
4.2. Experimental 
4.2.1. Chemicals and Reagents 
All chemicals employed within this work were of analytical or higher grade. All 
solutions and dilutions were prepared using high-purity deionised water (Milli-
Q). Potassium hydroxide used as the eluent was purchased from Sigma-Aldrich 
(St. Louis, MO). Nitrite and nitrate stock solutions were prepared using NaNO2 
and KNO3 salts respectively (Sigma-Aldrich, St. Louis, MO). For the interference 
study, fluoride, chloride, iodide, iodate, bromide, phosphate, sulphate and 
carbonate stock solutions were prepared using NaF, NaCl, KI, KIO3, KBr, KH2PO4, 
K2SO4 and K2CO3 salts respectively (Sigma-Aldrich Co., St. Louis, MO). Orange G 
used within the optical study of the detector cell was obtained from Fluka (Buchs, 
Switzerland). Working standards were prepared through dilution of stock 
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solutions. The environmental samples, along with the Environmental Protection 
Agency (EPA) intercalibration standard, were provided by the Environmental 
Department within TelLab (Carlow, Ireland). 
4.2.2. Instrumentation 
A Thermo Fisher Scientific Ultimate 3000 HPLC pump was used to deliver 100 
mM KOH eluent at a rate of 0.8 mL min-1. The pump was coupled to a manual 6 
port 2-position high pressure injection valve provided by VICI AG (Schenkon, 
Switzerland). Rapid separation was achieved using a 4 × 50 mm Dionex AG15 
guard column from Thermo Fisher Scientific (Sunnyvale, CA). The 235 nm deep 
UV-LED used for absorbance detection was provided by Crystal IS (Green Island, 
NY, USA). A UVC photodiode (TOCON_C1) with integrated amplifier employed 
for photodetection was purchased from Sglux GmbH (Berlin, Germany). For the 
analytical comparison study, nitrate and nitrite concentrations in 
environmental and blind samples were determined using an accredited Dionex 
DX-120 Ion Chromatograph (Dionex, Sunnyvale, USA), equipped with 
autosampler and a Dionex AERS 500 anion self-regenerating suppressor for 
suppressed conductivity detection. The low-pressure eluent syringe pumps 
which were coupled with the developed method and detector were designed 
using Fusion 360 computer aided design software (Autodesk Inc., California, 
USA). Syringe pump drive plates and back plates were made using Onyx filament 
sourced from Markforged, Inc. (Massachusetts, USA) and were printed using a 
Markforged Mark Two printer. The syringes used were 1 mL gas tight luer lock 
glass syringes sourced from Sigma-Aldrich (Wicklow, Ireland). Flushing of 
syringes was achieved through the use of 12 V brushed geared DC motors 
(Pololu, Las Vegas, USA) connected to an Aim-TTi EL303R power supply (RS 
Radionics, Dublin, Ireland). Rod collars and motor couplings were also provided 
by RS Radionics.  
Operation of the LED and photodiode along with data acquisition was achieved 
using in-house customised electronics, comprised of electronic components 
sourced from Mouser Electronics (Texas, USA). Functionality was enabled 
through the use of an 8-bit Arduino microcontroller (ATMEGA2560). The LED 
was powered using a constant current driver (AL8805) with a PWM (pulse width 
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modulation) signal used to control light intensity. The resultant analogue signal 
from the photodiode was sent to a 16-bit analogue to digital converter 
(ADS1115). Raw bit values produced by the converter were filtered with a 15-
point running average and data was then sampled at a frequency of 20 Hz. 
Chromatogram data were transmitted via serial port to a PC for real-time 
visualisation of the data using Arduino serial plotter. Data generated for each 
sample were arranged into a comma separated value (CSV) format and were 
stored on a microSD card in a CSV file for post processing. Absorbance (AU) 
values were obtained using the equation of AU = – Log10 (VS)/(VB), where VS was 
the voltage signal generated by the photodiode following sample injection and VB 
was the baseline voltage signal.  Origin data software was used for processing of 
chromatograms and peak area integration (OriginLab Corportaion, USA). 
4.2.3. UV Optical Detector 
The custom designed optical detector (Figure 4.1), based on a z-shape format, 
was fabricated using two layers of poly (methyl methacrylate) (PMMA) and was 
50 x 25 x 12 mm in size. On the bottom PMMA layer a microfluidic z-shaped 
channel with a diameter of 500 µm and optical path of 2.15 cm was micro-milled. 
The internal volume of the z-cell channel was 11 µL. On the top PMMA layer two 
threaded openings were milled. One opening was used as an inlet and the second 
opening as the cell outlet. Micromilling of the PMMA was carried out by EFJ 
Engineering (Dublin, Ireland). The two PMMA layers were bonded through 
solvent vapour bonding, as described by Ogilvie et al. [27]. The bonding process 
involved solvent exposure of the micromilled PMMA substrates. Chloroform was 
the solvent used within this process. Following this, the PMMA layers were 
pressed together by hand and then finally bonded through the use of a hot press 
machine. Following the solvent bonding of the two PMMA layers, UV-transparent 
fused silica glass windows (Edmund Optics Inc., Barrington, NJ) were positioned 
and bonded at each side of the detector optical channel using epoxy putty 
obtained from J-B Weld (Sulphur Springs, TX). The detection cell was assembled 
within a 3D printed housing. The LED and photodiode were positioned and 
aligned at each window of the cell using custom 3D printed holders adapted from 
Donohoe et al. [28]. All 3D printing of components was carried out using a 
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Markforged Mark Two printer.  The total component cost for the UV optical 
detector, including LED, photodiode and electronics for data acquisition and 
operation was < €430.  
 
Figure 4.1. Design of the low-cost UV absorbance detector (left) and illustration 
of assembled detector (right). Legend: (1) flangeless nut fittings; (2) top PMMA 
layer with milled, threaded holes for cell inlet and outlet; (3) fused silica glass 
UV-transparent windows (12.5 x 2 mm); (4) bottom PMMA layer with milled z-
shape fluidic channel; (5) 3D printed holders for LED and photodiode; (6) 3D 
printed optical cell holder; (7) photodiode; (8) 235 nm LED. 
 
4.2.4. Stray Light and Effective Path Length Determination 
The procedure employed within this study was similar to that described by Li et 
al. 2016 [24]. The dye Orange G was used to demonstrate the detector linearity 
as an absorbance to concentration relationship. A sensitivity versus absorbance 
plot was generated with sensitivity being determined by dividing absorbance by 
concentration [29, 24]. An Orange G stock solution was prepared and working 
standards were then made through serial dilution of the stock using DI water. 
Orange G standards, of concentrations ranging from 0.5 – 1000 µM, were 
analysed. Analysis was performed by flushing 5 mL of standard solution through 
the cell, the flow was then stopped and the absorbance was measured using the 
235 nm LED under static flow conditions. Analysis of each standard solution was 
carried out in triplicate and in order of increasing concentration. Between each 
analysis of Orange G solution, the cell was flushed with 5 mL of DI water to 
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prevent carry over. Percentage of stray light and effective path length of the 
detector were calculated using the sensitivity versus absorbance plot as 
specified by Macka et al. [29]. 
4.3. Results and Discussions 
4.3.1. Thermal Study of LED and Detector 
It has been established that thermal management of deep-UV LEDs is an 
important consideration when employed for analytical operations. High 
currents are most typically applied for analysis using these LEDs and electrical 
power not converted into light is converted into heat. With increasing LED 
temperature, luminous efficiency decreases, emission wavelengths shift and 
LED lifetime is reduced [15]. In recent works in which the 235 nm LED was used 
for optical detection with chromatographic analysis, the use of a heat sink for 
heat dissipation was essential to achieve analytical performance as currents of 
100 mA [24] and 66 mA [26] were used to operate the LED. Due to the 500 µm 
channel dimensions within the current cell and alignment of the LED and 
photodiode which was achieved by the 3D printed holders and housing, it was 
found that effective analyte detection could be achieved when operating the LED 
within the detector at a constant current of just 9 mA. Under these conditions, 
the background noise, determined by monitoring baseline signal for 60 s and 
recording maximum fluctuations, was 0.25 mAU. This was comparable to the 
0.30 mAU noise reported by Silveira Petruci et al. [26]. By operating the LED at 
this low current, the issue of LED overheating was eliminated and in turn an LED 
heat sink was not required. Temperature measurements of the 235 nm LED 
within the detector over one hour of continuous operation are shown in Figure 
4.2. The temperature reading was recorded from the point of the LED in which 
the highest temperature was observed. Thermal imagery of the LED and cell is 
shown in Figure C1 of the ESI. The average temperature of the hottest point of 
the LED during continuous operation was 27.29 ± 0.163°C.  
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Figure 4.2. Temperature measurement of 235 nm UV-LED within optical cell 
over 1 hour of continuous operation, recorded using thermal camera. 
Temperature reading represents the temperature of the hottest point of the LED 
during operation. 
4.3.2. Detector Stray Light and Effective Optical Path Length 
The stray light and effective path length associated with the fabricated UV 
optical cell was determined through the use of the azo dye Orange G. The 
effective pathlength and stray light were determined using the same approach 
set out by Li et al. [24] and others [30], in which the theoretical model based on 
Beer’s law reported by Macka et al. [29] is used. The equations associated with 
the theoretical model proposed by Macka et al. are highlighted in C2 of the 
supplementary information.  The effective pathlength (Leff) and stray light were 
calculated using the plot of detection sensitivity (AU/mol L-1) versus absorbance 
(Figure 4.3). Extrapolation to the y-axis yielded a sensitivity value of 38000 
AU/mol L-1. Using this estimated value along with the molar absorptivity value 
of Orange G (18300 L mol-1 cm-1), an effective pathlength of 2.07 cm was 
observed. This effective pathlength corresponded to 96.28 % of the actual 
optical channel length of the detector (2.15 cm). The upper limit of detector 
linearity, corresponding to a 5 % drop in sensitivity, was 3.162 AU. This 
observed upper linearity limit is higher than commercially available high 
sensitivity detection cells (detector linearity up to 2 AU), while at a fraction of 
the cost [31]. Following extrapolation to the x-axis, where sensitivity = 0, an 
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absorbance of 4.114 AU was observed which corresponds to a negligible stray 
light level of < 0.01 %. This very low stray light level is most likely associated 
with the large optical path length and the non-transparency of the PMMA to UV 
light. This stray light level is considerably lower in comparison to other 
detection cells employing deep UV LEDs, such as the LED-based detector 
reported by Sharma et al. in which a stray light of 3.6 % was observed [32]. 
Similarly, the lowest stray light reported by Li et al. for a high sensitivity UV LED-
based detector incorporating commercial z-cells was 3 % [21]. 
 
Figure 4.3. Linearity of 235 nm LED-based detector illustrated as sensitivity 
versus absorbance plot (error bars are standard deviations for n=3 replicates). A 
stray light value of 0.01 % was estimated for the detector and an effective 
pathlength of 2.07 cm was calculated. 
4.3.3. Chromatography Repeatability 
The measurement repeatability associated with the LED-based optical detector 
combined with the IC set up was established through the analysis of an anion 
standard solution containing 0.5 mg L-1 NO2- and 2.5 mg L-1 NO3-. The anion 
standard was injected 30 consecutive times. The retention time and peak area 
repeatability for both analytes are graphically presented in Figure 4.4. Relative 
standard deviations (RSD) of retention times and peak areas for the 30 runs 
ranged from 0.75 – 1.10 % and 3.06 – 4.19 %, respectively. Chromatographic 
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repeatability is also illustrated in Figure C3 of the supplementary information, 
as a selection of chromatograms from the 30 injections are overlaid. Despite the 
rapid separation, simple configuration and low-cost detection, these 
repeatability data are comparable to those typically observed within 
commercial standard IC systems and those reported for other IC set-ups aimed 
towards portability [33, 22]. 
 
Figure 4.4. Repeatability study over 30 sequential runs, analysing 150 µL 
injection volume of standard containing 0.5 mg L-1 NO2- and 2.5 mg L-1 NO3-. 
Eluent used was 100 mM KOH at a flowrate of 0.8 mL min-1 with AG15 guard 
column for separation. (A) Repeatability of retention times for nitrite and nitrate 
over runs with associated RSD values. (B) Repeatability of peak area values 
determined for both analytes over 30 runs and associated RSD values. 
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4.3.4. Assessment of Interfering Anions 
The interference of common anions was studied to ensure no coelution of nitrite 
and nitrate with other anions was observed when analysing environmental 
waters. The inorganic anions F-, Cl-, IO3-, I-, CO32- , SO42-, Br- and PO43- were 
analysed as they are readily found within natural waters. Of these anions, iodide, 
iodate and bromide were potentially the most problematic as these anions have 
absorption spectra extending into the 230 nm region [34]. An anion mixture 
containing 10 mg L-1 of eight typical anions along with nitrite and nitrate was 
analysed using the simple IC set up coupled with the 235 nm LED detector and 
custom electronics. The generated chromatogram is shown in Figure 4.5. 
Detection of nitrite and nitrate was unaffected by the presence of other small 
inorganic anions. Iodate was the only analyte observed within the 2.5 min 
elution time, however resolution (Rs) between iodate and nitrite remained 
sufficient as a Rs value of 2.45 was observed. 
 
Figure 4.5. Chromatogram representing a 150 µL injection volume of 10-anion 
standard containing 10 mg L-1 F-, Cl-, NO2-, NO3-, IO3-, I-, CO32- , SO42-, Br- and PO43-
. The eluent was 100 mM KOH at a flow rate of 0.8 mL min-1 using the AG15 guard 
column as the separator column and 235 nm LED with fabricated optical 
detection cell. 
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4.3.5. Analytical performance and sample analysis 
The relative error obtained for the analysis of the EPA intercalibration solution 
was < 2 %. Under isocratic conditions using 100 mM KOH eluent, an AG15 column 
and a sample injection volume of 150 µL combined with the 235 nm optical 
detector with custom electronics both nitrite and nitrate are detected in under 
2.5 minutes. A low backpressure of 11.5 bar is generated by the system, which 
implies that a lower cost, portable pump could be used. Analytical ranges, using 
calibration curves based on peak area values and a polynomial fit, ranged from 
0.010 – 15 mg L-1 for nitrite and 0.070 – 75 mg L-1 for nitrate. Calibration plots for 
each analyte are graphically represented in Figure C4 – C5 of the supplementary 
information.  A limit of detection (LOD) of 0.007 mg L-1 for NO2- and 0.040 mg L-1 
for NO3- was observed, using a signal-to-noise ratio (S/N) of 3 as the threshold 
[33]. This analytical performance is comparable to those typically reported for 
commercial benchtop IC systems [35, 36].  
A combination of blind standard solutions and environmental samples 
comprising one river water sample (Environmental A) and one treated effluent 
water sample from a sugar processing plant (Environmental B) were analysed. 
The detailed composition of these samples is tabulated in Table C6 of the ESI. In 
addition, an EPA intercalibration solution was also analysed. The intercalibration 
standard was provided by TelLab and was a standard which is used within the 
Irish EPA Environmental Intercalibration Programme. This programme assesses 
analytical performance to ensure validity and comparability of environmental 
data for laboratories which submit data to the EPA. All samples were first passed 
through 0.45 µm nylon filters to remove suspended particles. Nitrite and nitrate 
concentrations determined within each sample using the IC with 235 nm LED 
detector in comparison to concentrations determined using the accredited IC 
method are shown in Table 4.1. The highest relative error for nitrite 
determination was 6.86 % and for nitrate was 5.40 %. The relative error obtained 
for the analysis of the EPA intercalibration solution was -1.90 %. Although 
relative errors not exceeding 8.80 % were observed when linear calibrations 
were employed for nitrite and nitrate estimation, by replacing linear curves with 
a polynomial fit, total error in terms of the sum of squared residuals (SSR) is 
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reduced by 38.5%. Concentration results obtained using linear calibration curves 
compared to concentrations obtained by the accredited IC is reported in Table C7 
of the ESI. 
Table 4.1 Concentrations obtained by IC with UV detector versus accredited IC (n=3) 
Sample Analyte 
IC Set-up 
(mg L-1) 
Accredited IC 
(mg L-1) 
Relative Error 
(%) 
A Nitrite 1.09 ± 0.01 1.02 ± 0.01 6.86 
B Nitrate 5.14 ± 0.05 5.07 ± 0.05 1.38 
Environmental 
A 
Nitrite 0.52 ± 0.01 0.50 ± 0.01 4.00 
Nitrate 4.99 ± 0.05 5.03 ± 0.04 -0.79 
Environmental 
B 
Nitrite 0.16 ± 0.01 0.15 ± 0.01 6.67 
Nitrate 61.13 ± 0.40 58.00 ± 0.54 5.40 
EPA Nitrate 53.63 ± 1.08 54.67 ± 0.89 -1.90 
 
4.3.6. Integration of detector with low pressure syringe pump 
In order to achieve low-cost, portable IC analysis using the developed UV 
detector and the proposed method, a cost-effective lightweight pumping solution 
for eluent delivery is required. As a consequence of the low backpressure (11.5 
bar) generated by the system, the use of a low-pressure eluent pump is enabled. 
As a step towards low-cost portable IC analysis using the proposed method, 
automated syringe pumps were designed, fabricated and coupled with the 
microinjection valve, AG15 column and the 235 nm LED detection system as 
shown in Figure 4.6. The automated syringe pumps provided eluent delivery and 
were based on three 1 mL glass syringes housed within 3D printed holders fitted 
with three brushed DC motors. The design of the eluent syringe pumps is 
highlighted in Figure C8 of the supplementary information. A voltage of 4.5 V was 
applied to the motors, attached to the syringe drive plates, which enabled a 
flowrate of 0.7 mL min-1. The dimensions of the syringe pump configuration were 
21 x 13 x 4 cm, with a total weight of < 900 g and a cost price of < €235. Selected 
chromatograms overlaid (offset by 15 mAU) following 12 sequential runs using 
the automated syringe pump and IC configuration with the 235 nm LED and 
optical detector are illustrated inset of Figure 4.6. RSD values for retention times 
and peak areas for the 12 runs ranged from 0.80 – 1.15 % and 2.41 – 3.57 % 
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respectively. This chromatographic repeatability achieved when using the low-
cost, low pressure syringe pump was comparable to that demonstrated when 
using the 235 nm detector coupled with the commercial HPLC pump (Figure 4.4), 
highlighting the potential of the method and the detector for utilisation within a 
portable format.  
 
Figure 4.6: Illustration of detector, electronics and method coupled with low-
pressure syringe pump configuration demonstrating the potential for integration 
into portable IC format. Legend: (1) Low pressure syringe pumps; (2) manual 
microinjection valve (3) AG15 guard column; (4) 235 nm LED based UV detector; 
(5) electronics for LED/PD operation and data acquisition. Selected 
chromatograms overlaid (offset by 15 mAU) following 12 sequential runs using 
IC set up with 235 nm LED absorbance detector shown inset. Each chromatogram 
represents 5 µL injection of standard containing 20 mg L-1 NO2- and NO3-. Eluent 
was 100 mM KOH at a flowrate of 0.7 mL min-1 with AG15 guard column. 
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4.4. Conclusion 
A compact, low-cost UV optical detector has been designed and fabricated. 
Rapid, high sensitivity detection of nitrite and nitrate was achieved by 
integrating a 235 nm LED with the detector and coupling this detector with a 
simple, low backpressure IC set up with in-house built electronics for detector 
control and data acquisition. The detection cell was based on a z-type design and 
was fabricated through micromilling and solvent vapour bonding of PMMA. The 
housings for the optical cell and the LED and photodiode were 3D printed, 
facilitating optical alignment as the holders were fitted into the cell housing. 
Direct absorbance detection of NO2- and NO3- was achieved in under 2.5 min 
under isocratic conditions using 100 mM KOH eluent, an AG15 guard column for 
separation and the 235 nm LED-based optical detector. The power demand of 
the LED during analysis was 0.108 W, while a UV deuterium lamp typically 
employed for direct nitrate and nitrite absorbance detection can have a power 
demand of 30 W [37]. In addition, as a guard column was used as the separator 
column, separation was achieved at the low backpressure of 11.5 bar. Both the 
low power demand demonstrated by the 235 nm LED based detector, along with 
this low backpressure highlight the potential of the method for implementation 
within a portable IC analyser. 
The need for heat dissipation of the 235 nm LED was eliminated when used with 
this detector as the LED was operated at a low current (< 10 mA), enabling stable 
LED temperatures while analytical performance was maintained. Despite the 
low-cost nature of the detector, very low stray light and high upper limit of 
detector linearity was observed. On assessment of chromatographic 
repeatability, precision comparable to commercial detectors was observed and 
selective detection for nitrite and nitrate in the presence of other typical small 
inorganic anions was achieved. The LOD of 0.007 mg L-1 for NO2- and 0.040 mg 
L-1 for NO3- obtained using the low-cost UV detector were comparable to those 
reported by commercial IC, and analytical ranges suitable for the analysis of 
almost all-natural freshwaters were demonstrated. When compared to an ISO-
accredited IC, suitable accuracy was observed as low relative errors (< 8.80 %) 
were obtained. The detector and method were also coupled to a low pressure, 
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low cost syringe pump to demonstrate the potential of the system for portable 
analysis. This simple configuration demonstrated comparable chromatographic 
repeatability to that achieved when using a commercial HPLC pump. 
Future work and development will focus on the design and fabrication of a 
sample intake system to be coupled with the IC method and detector. An 
embedded system will also be developed for integration with the IC method and 
components to enable system automation and communications towards 
achieving a low-cost, fully automated in-situ nitrate and nitrite analyser for 
environmental water monitoring.  
4.5. Acknowledgements 
The authors would like to acknowledge financial support from the Irish 
Research Council, Grant No. EBPPG/2015/127 and the Australia Awards - 
Endeavour Research Fellowship, Grant No. 6389_2018. Science Foundation 
Ireland INSIGHT Centre award SFI/12/RC/2289 is also acknowledged. 
 
 
 
 
 
 
 
 
 
86 
 
4.6. References 
[1] J.A. Camargo, A. Alonso, Ecological and toxicological effects of inorganic 
nitrogen pollution in aquatic ecosystems: A global assessment, Environ. 
Int. 32 (2006) 831-849.  
[2] Integrated Ocean Observing System, ACT Nutrient Sensor Challenge. 
https://ioos.noaa.gov/news/act-nutrient-sensor-challenge-winners-
announced/, 2017 (accessed 10 October 2018). 
[3] A. Moxey, Agriculture and Water Quality: Monetary Costs and Benefits 
across OECD Countries, Pareto Consulting, Edinburgh, 2012 
[4] M.J. Moorcroft, J. Davis, R.G. Compton, Detection and determination of 
nitrate and nitrite: a review, Talanta 54 (2001) 785–803. 
[5] Q.H. Wang, L.J. Yu, Y. Liu, L. Lin, R.G. Lu, J.P. Zhu, L. He, Z.L. Lu, Methods for 
the detection and determination of nitrite and nitrate: A review, Talanta 
165 (2017) 709–720. 
[6] J.W. O'Dell, Method 353.2: Determination of nitrate-nitrite nitrogen by 
automated colorimetry, U.S. Environmental Protection Agency, Cincinnati, 
1993. 
[7] J. Zhang, P. B. Ortner, C. J. Fischer, Method 353.4: Determination of Nitrate 
and Nitrite in Estuarine and Coastal Waters by Gas Segmented Continuous 
Flow Colorimetric Analysis, U.S. Environmental Protection Agency, 
Washington, 1997. 
[8] D.P. Hautman, D.J. Munch, Method 300.1: Determination of Inorganic 
Anions by Ion Chromatography, U.S. Environmental Protection Agency, 
Cincinnati, 1997. 
[9] A.D. Beaton, C.L. Cardwell, R.S. Thomas, V.J. Sieben, F.E Legiret, E.M. Waugh, 
P.J. Statham, M.C. Mowlem, H. Morgan, Lab-on-Chip Measurement of Nitrate 
and Nitrite for In Situ Analysis of Natural Waters, Environ. Sci. Technol. 46 
(2012) 9548-9556. 
[10] H. Hwang, Y. Kim, J. Cho, J. Lee, M. Choi, Y. Cho, Lab-on-a-Disc for 
Simultaneous Determination of Nutrients in Water, Anal. Chem. 85 (2013) 
2954-2960. 
[11] T.M. Schierenbeck, M.C. Smith, Path to Impact for Autonomous Field 
Deployable Chemical Sensors: A Case Study of in Situ Nitrite Sensors, 
Environ. Sci. Technol. 51 (2017) 4755–4771. 
87 
 
[12] Systea S.p.A Analytical Technologies, WIZ Portable In-situ Probe For Water 
Analysis 
http://www.systea.it/index.php?option=com_k2&view=item&id=383:wi
z-news&lang=en, 2015 (accessed 13 October 2018). 
[13] s::can Messtechnik GmbH, spectro::lyser spectrometer probe 
https://www.s- can.at/products/spectrometer-probes, 2018 (accessed 
13 October 2018). 
[14] Sea Bird Scientific, SUNA V2 Nitrate Sensor 
https://www.seabird.com/nutrient-sensors/suna-v2-nitrate-
sensor/family?productCategoryId=54627869922, 2018 (accessed 13 
October 2018). 
[15] M. Macka, T. Piasecki, P.K. Dasgupta, Light-emitting diodes for analytical 
chemistry, Annu. Rev. Anal. Chem. 7 (2014) 183-207. 
[16] C.M. McGraw, S.E. Stitzel, J. Cleary, C. Slater, D. Diamond, Autonomous 
microfluidic system for phosphate detection, Talanta 71 (2007) 1180–
1185. 
[17] M. Sequeira, M. Bowden, E. Minogue, D. Diamond, Towards autonomous 
environmental monitoring systems, Talanta 56 (2002) 355–363. 
[18] S. Schmid, M. Macka, P.C. Hauser, UV-absorbance detector for HPLC based 
on a light-emitting diode, Analyst 133 (2008) 465-469. 
[19] D.A. Bui, B. Bomastyk, P.C. Hauser, Absorbance detector based on a deep 
UV light emitting diode for narrow-column HPLC, J. Sep. Sci 36 (2013), 
3152-3157. 
[20] L. Krčmová, A. Stjernlof, S. Mehlen, P.C. Hauser, S. Abele, B. Paull, M. Macka, 
Deep-UV-LEDs in photometric detection: A 255 nm LED on-capillary 
detector in capillary electrophoresis, Analyst 134 (2009), 2394–2396. 
[21] Y. Li., P. N. Nesterenko, R. Stanley, B. Paull, M. Macka, High sensitivity deep-
UV LED-based z-cell photometric detector for capillary liquid 
chromatography, Anal. Chim. Acta 1032 (2018) 197-202. 
[22] E. Murray, Y. Li, S.A. Currivan, B. Moore, A. Morrin, D. Diamond, M. Macka, 
B. Paull, Miniaturized capillary ion chromatograph with UV light-emitting 
diode based indirect absorbance detection for anion analysis in potable and 
environmental waters, J. Sep. Sci. 16 (2018) 3224-3231. 
[23] J. Mack, J.R. Bolton, Photochemistry of nitrite and nitrate in aqueous 
solution: a review, J. Photochem. Photobiol. A 128 (1999) 1–13. 
88 
 
[24] Y. Li., P. N. Nesterenko, B. Paull, R. Stanley, M. Macka, Performance of a new 
235 nm UV LED based on-capillary photometric detector, Anal. Chem. 88 
(2016) 12116–12121. 
[25] M.S Shur, R. Gaska, Deep-Ultraviolet Light-Emitting Diodes, IEEE Trans. 
Electron Devices 57 (2010), 12−25. 
[26] J.F.S. Petruci, M.G. Liebetanz, A.A. Cardoso, P.C. Hauser, Absorbance 
detector for high performance liquid chromatography based on a deep-UV 
light-emitting diode at 235 nm, J. Chromatogr. A 1512 (2017) 143-146.  
[27] I.R.G. Ogilvie, V.J. Sieben, C.F. Floquet, R. Zmijan, M.C Mowlem, H. Morgan, 
Reduction of surface roughness for optical quality microfluidic devices in 
PMMA and COC, J. Micromech. Microeng. 20 (2010) 065016. 
[28] A. Donohoe, G. Lacour, P. McCluskey, D. Diamond, M. McCaul, Development 
of a Cost-Effective Sensing Platform for Monitoring Phosphate in Natural 
Waters, Chemosensors 6 (2018) 57. 
[29] M. Macka, P. Andersson, P.R. Haddad, Linearity evaluation in absorbance 
detection: the use of light-emitting diodes for on-capillary detection in 
capillary electrophoresis, Electrophoresis 17 (1996) 1898-1905. 
[30] C. Johns, M. Macka, P.R. Haddad, M. King, B. Paull, Practical method for 
evaluation of linearity and effective pathlength of on-capillary 
photometric detectors in capillary electrophoresis, J. Chromatogr. A 927 
(2001) 237-241. 
[31] Agilent Technologies, Incorporated, High Sensitivity Detection Cell 
https://www.agilent.com/en/products/capillary-electrophoresis-ce-
ms/ce-ce-ms-supplies/tools-kits-standards/high-sensitivity-detection-
cell#productdetails, 2019 (accessed 03 January 2019). 
[32] S. Sharma, D. Tolley, P.B. Farnsworth, M.L. Lee, LED-Based UV Absorption 
Detector with Low Detection Limits for Capillary Liquid Chromatography, 
Anal. Chem. 87 (2015) 1381−1386. 
[33] K.R. Elkin, Portable, fully autonomous, ion chromatography system for on-
site analyses, J. Chromatogr. A 1352 (2014) 38-45. 
[34] Dionex Thermo Scientific, Determination of nitrite and nitrate in drinking 
water using ion chromatography with direct UV detection 
https://assets.thermofisher.com/TFS-Assets/CMD/Application-
Notes/4189-AU132_Apr91_LPN034527.pdf, 1991 (accessed 12 November 
2018). 
89 
 
[35] P. Jackson, Determination of Inorganic Anions in Drinking Water by Ion 
Chromatography https://assets.thermofisher.com/TFS-
Assets/CMD/Application-Notes/AN-133-IC-Inorganic-Anions-Drinking-
Water-AN71691-EN.pdf, 2015 (accessed 15 April 2019). 
[36] S.N. Ronkart, Quantification of Trace and Major Anions in Water by Ion 
Chromatography in a High-Throughput Laboratory 
https://assets.thermofisher.com/TFS-Assets/CMD/Application-
Notes/CAN-114-High-Throughput-IC-Anions-Bromate-LPN3023-EN.pdf, 
2012 (accessed 14 April 2019). 
[37] Thorlabs, Incorporated, Stabilized Deuterium UV Light Source 
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=11783&
pn=SLS204, 2019 (accessed 05 January 2019).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
90 
 
Chapter 5: 
Integrated 3D printed heaters for microfluidic applications: 
ammonium analysis within environmental water 
Elisenda Fornells 1, 2*, Eoin Murray 3, 4*, Sidra Waheed 1, Aoife Morrin 4, Dermot 
Diamond 4, Brett Paull 1, 2, Michael Breadmore 1, 2 
1. ARC Training Centre for Portable Analytical Separation Technologies 
(ASTech), School of Physical Sciences, University of Tasmania, Sandy Bay, 
Hobart 7001, Australia 
2. Australian Centre for Research on Separation Science (ACROSS), School of 
Physical Sciences, University of Tasmania, Sandy Bay, Hobart 7001, Australia 
3. Research & Development, T.E. Laboratories Ltd. (TelLab), Tullow, Carlow, 
Ireland 
4. Insight Centre for Data Analytics, National Centre for Sensor Research, School 
of Chemical Sciences, Dublin City University, Dublin 9, Ireland 
*   Both authors contributed equally to this work. 
Publication:  Analytica Chimica Acta, 2019 
Chapter Overview 
This chapter is aimed at generating a fast ammonium analysis method which 
could potentially be integrated with the direct UV detection method for nitrate 
and nitrite set out in Chapter 4. By working towards such a combination of 
methods, a portable and low-cost total nitrogen analysis system could potentially 
be developed. A 3D printed microfluidic heated reactor was designed and 
fabricated using a variety of printing materials including a new diamond infilled 
polymer. Using this reactor along with a colorimetric procedure for ammonium 
analysis and LED-based optical detection, fast determination of ammonium in 
water using a simple FIA set up is described. 
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Abstract 
A multi-material 3D printed microfluidic reactor with integrated heating is 
presented, which was applied within a manifold for the colorimetric 
determination of ammonium in natural waters. Graphene doped polymer was 
used to provide localised heating when connected to a power source, achieving 
temperatures of up to 120°C at 12 V, 0.7 A. An electrically insulating layer of 
Acrylonitrile butadiene styrene (ABS) polymer or a new microdiamond-ABS 
polymer composite was used as a heater coating. The microdiamond polymer 
composite provided higher thermal conductivity and uniform heating of the 
serpentine microreactor which resulted in greater temperature control and 
accuracy in comparison to pure ABS polymer. The developed heater was then 
applied and demonstrated using a modified Berthelot reaction for ammonium 
analysis, in which the microreactor was configured at a predetermined optimised 
temperature. A 5-fold increase in reaction speed was observed compared to 
previously reported reaction rates. A simple flow injection analysis set up, 
comprising the microfluidic heater along with an LED-photodiode based optical 
detector, was assembled for ammonium analysis. Two river water samples and 
two blind ammonium standards were analysed and estimated concentrations 
were compared to concentrations determined using benchtop IC. The highest 
relative error observed following the analysis of the environmental samples was 
11 % and for the blind standards was 5 %.  
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5.1. Introduction 
The development of microfluidic devices demands the integration of numerous 
functions within a compact platform, among them temperature control. Constant 
temperature is of key importance in order to obtain efficient and robust 
operation of microfluidic devices, as reaction kinetics, and therefore 
reproducibility of reaction chemistry within the fluidic chip, are dependent on 
temperature. Some well-known chemical and biological applications frequently 
employed within deployable and microfluidic systems, in which temperature 
control is essential, are DNA amplification by polymerase chain reaction (PCR) 
[1,2], protein crystallization [3], membrane permeability studies [4] and 
colorimetric reactions and analysis [5,6].  
Efficient micro-reactors transfer heat homogenously to the fluid contained 
within the reactor based upon large surface area to volume ratios, while 
simultaneously mixing reagents and providing optimal reaction conditions [7]. 
Integration of temperature control functionality within the compact platform is 
required to fully optimise their performance. A number of strategies to integrate 
precision heating and cooling capability within such micro-reactors have been 
presented and comprehensively reviewed [8], including the integration of micro-
Peltier components [9], the application of Joule heating [10,11], the use of 
microwaves [12,13] and lasers [14]. 
Rapid prototyping strategies such as 3D printing, or additive manufacturing, 
represent a versatile and cost-effective approach towards the fabrication of 
microdevices and prototype devices. Among all of the 3D printing technologies, 
fused deposition modelling (FDM) is the most common technology currently 
applied, mainly due to its simplicity, cost, and the availability of a wide variety of 
base print materials, along with the option of multi-material printing [15]. In 
multi-material FDM various thermoplastic materials are alternately extruded 
through a high temperature nozzle to build the 3D model layer-by-layer [16]. To 
achieve an improved integration of functionalities, such as electronic 
components into microreactors, either multi-material 3D printing or a print-
pause-print (PpP) approach can be used. PpP refers to pausing the printing to 
insert additional parts which are embedded in the device when printing resumes 
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[17]. Examples of microchemical devices manufactured using either 
functionalised polymeric filaments and/or embedded components include 
membranes, electrodes and integrated reagents [18, 19, 20], among many others. 
As a consequence of these multiple advantages, 3D printing is a potentially useful 
tool for manufacturing microfluidic and micro analytical devices. However, 
before the technique can be firmly adopted, a number of challenges need to be 
addressed [21]. One of the main challenges is that 3D printing systems rely on a 
relatively narrow range of commercial materials, thus limiting the physical and 
chemical properties of final 3D printed objects [22]. Accordingly, there has been 
increasing interest in the improvement and diversification of properties of 
generic printing materials by inclusion of micro/nano fillers with particular focus 
on generating distinct physio-chemical properties into resultant 3D printable 
material [23]. An example of which are carbon polymer composites, using carbon 
nanotubes (CNT) [24], carbon blacks [25, 26], or graphene [27, 28], which have 
allowed for the creation of devices with improved electrical conductivity, 
electromechanical/chemical sensitivity and mechanical strength [29]. In relation 
to heating devices, the first reported 3D printed heaters were manufactured 
using viscous graphene oxide to fabricate nanostructures, which were then 
subject to freeze-drying and thermal treatment [11] before Joule heating was 
induced. Of the various carbonaceous fillers available, synthetic high 
temperature and high pressure (HTHP) micro-diamond possesses several 
attractive features, especially with regard to printable heating devices [30, 31]. 
These include thermal stability and conductivity, electrical insulation and the 
low-cost nature of the material. [32, 33]. Recently the production of 3D print 
compatible HTHP-ABS composite fibres have been reported and characterised 
for their unique post-print thermal properties [34]. 
The capabilities enabled through the use of 3D printing have facilitated the 
development of portable analytical systems across a broad range of applications 
within analytical chemistry [35-38]. Of these applications, considerable focus has 
been directed towards environmental water monitoring, and several in-situ 
water analysers have been developed through the use of rapid prototyping 
techniques [39-41]. When considering the monitoring of natural waters, the 
levels of specific chemicals within various waters must be monitored according 
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to global legislation, key examples being the EU Water Framework Directive 
(WFD) and the U.S Clean Water Act (CWA). Ammonia is one of several forms of 
nitrogen found in environmental waters, and represents an important pollutant 
which must be monitored within water systems due to the toxic effect it has on 
aquatic life. A range of analytical approaches and methodologies exist for the 
analysis of ammonia in water such as ammonium-selective electrodes, titrimetry, 
fluorimetry and ion chromatography (IC) [42-46]. Colorimetry in the form of the 
Berthelot and Nessler methods are common methods, frequently used in 
environmental laboratories [47, 48]. When considering portable in-situ analysis 
systems for ammonia monitoring, ion-selective electrodes (ISE) are commonly 
employed [49]. ISEs are relatively easy to use and not particularly expensive, but 
often experience high drift, ionic interferences and can be significantly affected 
by biofouling in continuous monitoring as they are directly exposed to the sample 
during use [50]. As an alternative, wet chemical colorimetry has also been 
applied within automated analysers for ammonia detection [51]. 
In this work we describe the development of a multi-material 3D printed 
microfluidic heated reactor, and demonstrate this reactor by integrating it with 
a simple flow injection analysis (FIA) system for fast ammonium determination 
in water using a modified (less toxic) Berthelot reaction, previously described by 
Cogan et al. [52]. The use of the salicylate variant of the Berthelot method has 
been applied for ammonium analysis in a range of water samples in the past and 
the reaction mechanism is well established [53, 54, 52]. Within a NaOH medium, 
ammonium ions react with the Berthelot reagents, in which salicylate is present, 
producing a green colour solution which absorbs strongly at 660 nm. In order to 
integrate the heating platform into the microfluidic device, multi-material 
printing was employed. A graphene filled polymeric surface was printed in close 
contact to the microfluidic printed channel, but remained electrically isolated. 
Joule heating was then induced to generate homogeneous heating at 
temperatures below the polymers melting point. To increase heat transfer and 
temperature homogeneity, a thermally conductive diamond composite material 
was employed. The thermal characteristics of the 3D printed heater along with 
mixing within the chip were assessed. The impact of the temperature of the 
heated mixing cell on the rate of reaction for the colorimetric method was 
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examined and optimum temperature for analysis was selected. The analytical 
performance of the simple FIA configuration coupled with the 3D printed heating 
cell for the analysis of ammonium was established. Two environmental water 
samples and two blind standards were analysed using the system and the results 
compared to those determined using IC. 
5.2. Experimental 
5.2.1. Chemicals and Reagents 
Chemicals used within this work were of analytical or higher grade. All solutions 
and dilutions were prepared using high-purity deionised water (Milli-Q). 
Colorimetric reagents were made according to the procedure highlighted in 
Cogan et al. [52]. Sodium salicylate, sodium nitroprusside and sodium hydroxide 
used to prepare reagent 1 (R1), along with sodium hypochlorite (10-15 % 
available chlorine) used within reagent 2 (R2) were obtained from Sigma-Aldrich 
(St. Louis, MO). Ammonium stock solution was prepared using ammonium 
chloride (Sigma-Aldrich, St. Louis, MO). Working standard solutions were 
prepared through dilution of the ammonium stock. Samples were taken from two 
urban rivulets (Hobart, Tasmania), approx. 600 m upstream from their mouth. 
They were filtered through a 0.22 μm nylon syringe filter to remove particles and 
were analysed using both the FIA and IC methods. IC analysis was performed 
using a Dionex IonPac CS16 3.0 x 250 mm column and 3.0 x 50 mm guard column. 
The mobile phase was 35 mM methanesulfonic acid at 0.50 mL/min and a sample 
injection volume of 75 μL was used.   
5.2.2. Heating chip design and printing 
Heating devices were produced using various 3D printing filaments. The 
electrically conductive material used was a graphene PLA (polylactic acid) based 
filament (Black Magic 3D Calverton, NY USA), which has a reported volume 
resistivity of 0.6 Ohm cm-1. The electrically insulating materials were either clear 
ABS (acrylonitrile butadiene styrene) (Auraurum, Keysborough VIC, Australia), 
or a diamond-ABS (D-ABS) composite. Extruding temperatures were set to 215, 
255 and 255 °C for PLA, ABS and D-ABS respectively. D-ABS filament was 
manufactured on site according to the procedure set out by Waheed et al. [34]. 
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An Original Prusa i3 3D printer equipped with MK2/S Multi Material kit was used 
to print PLA and ABS filaments. A 2 nozzle Felix 3D printer was used to print D-
ABS, equipped with titanium alloy corrugated gears to avoid abrasion when 
driving the filament into the nozzle. In all cases, the base layer was 200 μm thick 
and subsequent layers were 150 μm thick. Copper tape was used to integrate 
electrodes and devices were designed using SolidWorks software. A 0-30 V, 2.5 A 
regulated power supply with variable current limit was used for heating of the 
cell. A FLIR E40 thermal imaging camera was used to measure chip temperatures 
and was connected to FLIR Tools software for data recording purposes. A XH-
W1601 PID temperature control module was used to regulate temperature in the 
heating device. 
5.2.3. System configuration and measurement procedures 
Mixing within the 3D printed chips was assessed by observing dye mixing at the 
channel inlet using a DinoLite microscope. For ammonium determination, a 3-
channel syringe pump configuration using automated syringe pumps (Harvard 
Apparatus PHD 2000) with standard 5 mL luer lock syringes was assembled. 
Under FIA conditions, 2 syringes were used for reagent delivery, while the third 
syringe contained DI water as a carrier. A delivery ratio of 1:1:2, reagent 1 (R1), 
reagent 2 (R2) and carrier was used. Sample injection was enabled using a 6 port 
2-position micro-injection valve from VICI AG (Schenkon, Switzerland). The FIA 
system is illustrated in Figure 5.1. R1 and R2 merged into one channel before 
being combined with the carrier phase. The combined reaction media was then 
introduced into the 3D printed heated reactor and subsequently into a custom-
built optical detection cell, previously reported by Murray et al. [55] for UV-LED 
based optical detection. In this case, a 660 nm LED (L-53SRC-C) and photodiode 
(TSL257), obtained from RS components (Dublin, Ireland), were fitted within the 
3D printed holders and inserted into the detector housing. The detector was then 
placed within a small box to prevent ambient light from having an effect on 
photodiode readings.   Data acquisition and LED operation were achieved using 
the previously reported electronic prototype board [55].  
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Figure 5.1: Illustration of flow injection analysis system incorporating the 3D 
printed heated mixing cell and the LED-based optical detector employing a 660 
nm LED. The simplified Berthelot method which employs two reagents was 
utilised. Reagent 1 was comprised of sodium salicylate and sodium nitroprusside, 
while reagent 2 was a sodium hypochlorite-based solution. 
5.2.4. Thermal study for ammonium analysis 
The effect of the increasing temperature of the 3D printed mixing cell on 
ammonium detection using the simplified Berthelot method was studied under 
continuous flow conditions.  Reagent syringe pump 1 was filled with R1 reagent, 
syringe pump 2 was filled with R2 reagent and the third syringe pump was filled 
with a 5 mg L-1 NH4+ standard prepared from ammonium chloride stock solution. 
A range of reaction times were assessed by changing the flow rate to 160, 120, 60 
and 24 μL min-1 which corresponded to reaction times of 1.2, 1.6, 3.3 and 8.0 min, 
respectively. The mixing cell was set at various temperatures ranging from room 
temperature to 60 °C and the effect on analyte detection was assessed. 
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5.3. Results and Discussions 
5.3.1. Heater fabrication and thermal characterisation 
The manufacturing process (Figure 5.2) for the 3D printed heating cell consisted 
of printing a single material base layer of insulating material followed by multi-
material layers where the geometry of the heating zone was defined using 
graphene PLA. ABS was used as insulating material, as well D-ABS tested as the 
thermally conductive polymer. D-ABS is a microdiamond infilled ABS polymer 
recently reported in literature [37], showing improved thermal conductivity 
from 0.17 to 0.37 W./m.K, for a 37.5% (wt) diamond-ABS composite. To integrate 
the electrodes, a 2 mm wide slot was created within the bottom layer, the printing 
process was then paused and copper tape strips were manually placed into the 
slots. When resuming printing on top of the copper tape electrodes, the graphene 
PLA material was printed horizontally from electrode to electrode. Finally, 
ABS/D-ABS was used to cover the electric circuit leaving part of the electrodes 
exposed. The heating cell was designed to have a minimal insulating (ABS/D-
ABS) layer to protect the electric circuit, while providing maximum proximity 
between the heating source and the object being heated. The total thickness of 
graphene filled material was 750 μm, accounting for a total of 5 layers, while the 
electrodes were placed midway at 300 μm. 
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Figure 5.2: Multimaterial FDM step-by-step fabrication process of 3D printed 
heater. a) Deposition of a base layer of electrically insulating material (ABS 
based). b) Printing of 3 layers of electrically conductive material creating a 150 
μm deep slot (c). d) Positioning of copper tape 2 mm wide electrodes on the 
existing slots after pausing the printing process. e) Coverage of the electrodes 
with electrically conductive material in the heating zone. f) Coverage of the 
electric circuit and heater with electrically insulating material (ABS based). g) 
Design and sizes (mm) of the heating device. 
Heat was generated when voltage was applied between the two electrodes and 
current distributed evenly throughout the graphene filled layer. The temperature 
on the ABS surface was measured in real time with an infrared camera. Higher 
temperatures were associated with increased voltages, as expected. Figure 5.3A 
shows a photograph of heaters printed within ABS (left) and D-ABS (right). To 
compare the performance of ABS and D-ABS heating devices, the temperature 
was monitored for a period of 10 minutes at several voltages. A period of 10 
minutes was selected for assessment as temperatures stabilised at 10 minutes. 
The average temperature as well as minimum and maximum temperatures were 
recorded in the centre of the heating square, excluding the electrodes. The area 
was defined in the software as shown in the thermal image Figure 5.3B. In 
addition, the maximum temperature observed within the image was also 
monitored corresponding to the electrode hotspot, labelled as a cross in Figure 
5.3B. The data were plotted in Figure 5.3C and show the measured temperatures 
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for heaters using ABS (left column) and D-ABS (right column). ABS heaters 
showed a consistent hotspot throughout the analysis. However, when using the 
D-ABS device, the hotspot dissipated in approximately 2 minutes. The hotspot 
was up to 10 °C hotter than the maximum temperature in the central square of 
the thermal image for ABS. In the case of D-ABS, overheating was practically 
halved, meaning the difference between the hotspot and the maximum 
temperature in the heating zone was reduced by a factor of 1.89 ± 0.04, averaging 
results at the 4 tested voltages. D-ABS presented more stable heating and lower 
temperature gradients in terms of the difference between maximum and 
minimum temperatures in the heating zone. Such difference was statistically 
insignificant at 5V, but between 8 and 12 V the temperature gradient was nearly 
5 °C lower. 
The average temperatures of the heating zones of the heaters, recorded at 10 min 
as temperatures reached stabilisation at this time, increased linearly with 
increasing voltage (5 – 12 V) for both ABS and D-ABS heaters. Similar slopes of 
10.06 and 11.51 and an R2 of 0.990 and 0.998 were observed for ABS and D-ABS 
heaters, respectively, as shown in Figure D1 of the electronic supplementary 
information (ESI). Measured current ranged between 0.3 A at 5 V and 0.7 A at 12 
V. The average temperature at a voltage of 12 V stabilized at 120 °C, with higher 
voltages leading to melting of the PLA based material and a decrease in current 
and temperature over the 10-minute period. PID control (proportional-integral-
derivative) was utilised to maintain consistent heating at a targeted set 
temperature. This was achieved by attaching a thermocouple below the heater 
and using a PID stand-alone microcontroller which switched the 12 V power 
supply so as to maintain the set temperature. A Temperature vs. Voltage plot is 
shown in Figure D2 of the ESI, where it can be observed that the temperature is 
stabilised after 5 minutes.  
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Figure 5.3: (A) Photograph of heaters printed within ABS (left) and D-ABS 
(right). (B) Thermal image of heating for 5 min at 8 V, showing the defined central 
heating area (square) and the whole image maximum temperature spot or 
hotspot (cross). Using D-ABS the hotspot is recorded inside the central square. 
Scale bar between 22 and 85 °C. (C) Temperatures measured at several voltages 
using ABS embedded heater (left column) and D-ABS embedded heater (right 
column). Colours correspond to the electrode hotspot (purple) and to 
temperatures in the central heating square corresponding to the coldest point 
(blue), average temperature (black) and hottest point (red). 
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5.3.2. Assessment of mixing on chip 
The fluidic channels were printed on top of the 3D printed heaters, through the 
use of the heaters the temperature in the channels within the microfluidic 
platform could be controlled. The channels could be printed up to one printing 
layer, or 150 μm, from the heating source. In this study, channels were placed 
two printed layers (i.e. 300 μm) from the graphene material to ensure a robust 
leak free system was produced. The design and configuration of the fluidic 
platform is shown in Figure 5.4. Due to the polymer hardening process, shrinking 
of the channels occurs. To study this effect, several channel cross sections were 
obtained under the microscope and their sizes measured (Figure 5.4C). The 
average width and depth were calculated at 576 ± 16 μm and 254 ± 21 μm (n=6). 
Mixing in the channel inlet was then assessed at different flow rates, which were 
employed to provide different residence times inside the device. To maximise 
mixing, the printing orientation of the channel base and cover layers were set at 
a 45˚ angle as suggested in literature [56]. To assess mixing, blue and yellow dyes 
were used in place of reagents and carrier, and mixing was observed under a 
microscope. Images of the device inlet during this mixing study were captured 
and are demonstrated in Figure D3 of the ESI. During this study, the mixing of the 
blue and yellow dyes to generate a green colour was observed. At a flow rate of 
160 μL min-1, blue and yellow colours are visible at the beginning of the channel 
and after 10 mm the dyes begin to merge into a green colour. At slower flowrates, 
the blue and yellow dyes mix into a green colour in a shorter distance along the 
fluidic channel. The mixing was deemed satisfactory to proceed with the 
temperature study at several reaction times. 
 
Figure 5.4: (A.) CAD design of 3D printed heater with serpentine mixing. (B.) 
Photograph of 3D printed heater (C.) Microscope photograph of microfluidic 
channel at inlet of mixing chip, highlighting channel cross section and sizes. 
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5.3.3. Temperature study with simplified Berthelot method 
Continuous flow conditions were used for this assessment. Absorbance values 
resulting from increasing temperatures at varying reaction rates are plotted in 
Figure 5.5.  At room temperature, higher absorbance values were observed at 
longer reaction times which is in agreement with Cogan et al. [52]. At higher 
temperatures, absorbance also increased until a steady-state condition was 
established. At lower temperatures, longer reaction times were required to reach 
the maximum absorbance, however a reaction time of 1.2 min was not long 
enough for the reaction to reach maximum absorbance at the highest tested 
temperature of 60 °C. The selected optimum conditions were deemed to be at 60 
°C and a reaction time of just 1.6 min (flow rate of 120 μL min-1). These conditions 
allowed for a complete reaction, where the maximum absorbance was obtained 
at the fastest possible time. This was significantly faster compared to the 8-
minute reaction time reported previously [52].  
 
Figure 5.5: Absorbance values obtained using modified Berthelot reaction for a 
5 mg L-1 NH4+ standard after different reaction times of 1.2 (pink), 1.6 (blue), 3.3 
(green) and 8 (yellow) minutes. Experimentation was carried out at increasing 
temperatures. 
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5.3.4. Sample Analysis 
Using the optimised conditions determined above, FIA analysis of ammonium 
standards and water samples was carried out. Firstly, calibration was performed 
between 0.5 and 5 mg L-1 NH4+.  The FIA response curves obtained for each of the 
ammonium standards are overlaid and illustrated in Figure 5.6. Acceptable 
linearity was obtained with a R2 value of 0.996, while a limit of detection (LOD) 
of 0.15 mg L-1 NH4+ was calculated using a signal-noise-ratio (S/N) = 3. The linear 
curve of peak area versus concentration is provided within the supplementary 
information (Figure D4). Two waters samples from local rivulets were then 
analysed. As a comparison, these samples were also analysed using IC. In 
addition, two blind ammonium standards were analysed using the FIA set up. 
Concentrations observed following sample analysis with standard deviations 
(n=3) and relative concentrations are shown in Table 5.1. The ion chromatogram 
which was generated is shown in the supplementary information (Figure D5). 
For environmental sample 1, a difference of ~11% between the two methods was 
observed, while for environmental sample 2, an 8.5 % difference was recorded. 
Analysis of blind standard A (5 mg L-1 NH4+) yielded a concentration of 4.74 mg 
L-1 and for blind standard B (1 mg L-1 NH4+) a concentration of 0.96 mg L-1 was 
obtained, which corresponded to recoveries of 95 % and 96 %, respectively. 
Given the simple, low-cost and fast ammonium determination achieved using the 
FIA system with 3D printed heater, the results of the above comparison with IC 
were deemed acceptable. 
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Figure 5.6: Overlaid FIA response curves observed following the analysis of 
standard solutions containing 0.5, 1, 2 and 5 mg L-1 NH4+ Using the simple FIA 
configuration and 3D printed heater. Conditions: Total flowrate of 120 μL min-1, 
heater set at 60 °C and a sample injection volume of 100 μL. 
Table 5.1 Ammonium concentrations determined using the FIA configuration in 
comparison to concentrations determined using benchtop IC (n=3) 
Sample FIA (NH4+ mg L-1) IC (NH4+ mg L-1) Relative Error (%) 
Environmental 
1 
1.754 ± 0.232 1.579 ± 0.026 11.08 
Environmental 
2 
0.547 ± 0.178 0.504 ± 0.009 8.53 
Standard A* 4.740 ± 0.196 - -5.02 
Standard B* 0.959 ± 0.221 - 4.1 
*Ammonium concentration in standard A was 5 mg L-1 NH4+, standard B was 1 mg L-1 NH4+ 
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5.4. Conclusion 
A multi-material 3D printed microfluidic reactor was developed and 
demonstrated when integrated into a simple FIA configuration for the 
determination of ammonium using a modified Berthelot reaction. FDM printing 
was used to construct the reactor using several thermoplastic materials, 
including a new diamond infilled ABS material. Graphene was used as the 
thermally conductive material within the heating cell and Joule heating was 
employed to achieve homogeneous heating across the heating cell. The reactors 
demonstrated effective heating along with satisfactory mixing within the 3D 
printed microfluidic channels. When integrated with a less-toxic, simplified 
Berthelot reaction for ammonium analysis, increasing temperature of the 
reactor was found to increase the rate of reaction. Using the heated mixing cell, 
the required reaction time for reaction completion was 5 times faster than the 
previous reported approach. Using an FIA configuration coupled with the 3D 
printed heating cell for ammonium analysis, an analytical range applicable to 
ammonium levels in natural waters was determined. 
The developed heated microreactor may be used in a variety of colorimetric 
assays, and can be seen as a convenient tool for microreactions in which 
controlled heating is desirable. The temperature control apparatus is cost-
effective and is easy to modify and implement within a microfluidic system. 
Future work will investigate the lifetime of the heater and the possibility of 
leaching from the polymeric materials into the reaction media at high 
temperatures and the impact this may have, if any. 
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Chapter Overview 
This chapter presents a fully automated, low-cost portable IC system for nitrate 
and nitrite monitoring in a broad range of environmental waters. The system 
employs much of the know-how and knowledge which resulted from the 
development of the components and systems discussed in the preceding 
chapters. The developed portable IC was successfully deployed at various 
locations around the world and represents a significant step towards truly low-
cost, in-situ nitrite and nitrate analysis. 
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Abstract 
A low-cost, automated and portable IC has been developed for in-situ analysis of 
nitrite and nitrate in natural waters. The system employed 3D printed pumps for 
eluent delivery and a 235 nm LED based optical detector. Isocratic separation 
and selective detection of nitrite and nitrate was achieved in under 3 min.  The 
total weight of the analyser was ~ 11 kg, and included electronics along with a 
sample intake system for automated analysis. Linear calibration ranges were 
generated using different sample injection loops. Using a 150 µL loop, an 
analytical range suitable for freshwater analysis was generated, while using a 10 
µL loop an analytical range suitable for effluent and septic water was achieved. 
Chromatographic repeatability demonstrated by the system is graphically 
presented and RSD values of < 4% were obtained in terms of peak area and 
retention time over 82 sequential runs. The system was deployed in-situ at 
multiple sites for varying deployment periods analysing septic tank water, 
effluent from a waste water treatment plant and stream water. The data 
generated by the in-situ system were comparable to grab sample data generated 
by accredited lab instrumentation. 
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6.1. Introduction 
The transition of analytical instrumentation from the laboratory to the field or 
in-situ offers significant benefits to a broad range of disciplines ranging from 
medical science to environmental monitoring. This transition was incited by the 
advent of micro total analysis systems (µTAS) in the 1990s, and has greatly 
progressed over the past two decades with the advancement of micromachining 
technologies and microelectronics [1, 2]. When considering environmental 
monitoring, water quality management represents an area in which portable, in-
situ analysers are distinctly favourable and necessary. Traditional monitoring of 
water systems is carried out by manually collecting samples and transporting 
them to centralised laboratories for analyses. This approach is laborious and 
costly, and analyte speciation may be altered as a result of chemical or biological 
reactions within the sample prior to analysis. To eliminate these issues, and to 
achieve high spatial and temporal resolution monitoring, deployable automated 
analysers which perform in-situ analysis are required [3]. 
Nutrient pollution, in the form of nitrate, nitrite and phosphate, represents the 
most prevalent global water quality problem [4]. Yet despite this reality, nitrite 
and nitrate monitoring is still predominantly carried out using the antiquated 
and deficient ‘grab and lab’ approach. Over the years, a variety of strategies and 
analytical systems have been developed for near real-time in-situ nutrient 
analysis of aquatic environments [5-8]. However, use and application of these 
systems is restricted by power requirements, size, reagent usage and/or cost. 
Electrochemical sensors have also been extensively developed for the analysis 
of nitrate and nitrite in water. These sensors are cost effective, but when 
considering long term in-situ deployment are often hindered by electrode 
fouling and analytical drift over time [9-12]. To date, colorimetric based 
analysers, along with direct UV absorption systems have proven to be the 
dominant avenues towards achieving in-situ nitrate and nitrite analysers. 
Regarding the former, several in-situ analysers based on flow injection analysis 
(FIA) have been developed [8, 13], and a number of colorimetric based in-situ 
nitrate and nitrite analysers are commercially available [14-17]. Lab-on-a-chip 
(LOC) based systems which incorporate colorimetric reagents and LED-based 
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detection for nutrient monitoring have successfully been developed and 
deployed in-situ in a range of natural waters [3, 18-20]. These systems offer 
considerable advantages over FIA systems mainly in the form of reduced 
reagent consumption and power demands. Direct UV absorption-based systems 
have also been habitually employed for in-situ nitrate monitoring and several 
commercial systems are available [21-24].  
Yet despite the commercial availability of numerous systems and the progress 
which has taken place in the field of in-situ nutrient analysers, technologies 
remain poorly implemented or adopted in environmental water monitoring 
[25]. Prohibitive costs and technological limitations have hampered these in-situ 
systems from routine use and adoption on a mass scale [26]. Direct UV systems 
remain at significant price points and have high power consumption 
requirements due to the use of UV lamps [27]. As for colorimetric based 
analysers, these systems are also of a high price point, but they have the added 
disadvantage of requiring multiple reagents which are often of a hazardous 
nature. LOC colorimetric based systems have demonstrated the greatest 
potential in terms of generating an in-situ nutrient analyser using low cost 
components. However, considerable costs and challenges arise in terms of mass 
manufacture of microfluidic components and assembly of LOC systems [25]. The 
need for low-cost in-situ nutrient analysers, at price points facilitating wide scale 
usage, is reflected in the recent challenges and competitions set out by the 
Alliance for Coastal Technologies (ACT) and the US EPA [28, 29]. The Nutrient 
Sensor Challenge was a market-based competition aimed at generating sensors 
for measuring nitrate and phosphate in natural waters with a purchase price of 
US $5000 [28]. The winning system was based on colorimetry and achieved the 
analytical targets, but the system purchase price was several times above the 
target price [30, 15]. Recently, the US EPA issued the Advanced Septic System 
Nitrogen Sensor Challenge which is aimed at generating in-situ nitrogen 
analysers at price points < $1500 for effluent and septic system water analysis 
[29]. 
In this work, we describe an alternative route to achieving a simple, low-cost 
analyser for in-situ nitrite and nitrate monitoring in natural waters, to those 
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previously reported. The analyser is based on rapid ion chromatography and UV 
detection employing a deep-UV LED. The low-cost portable IC uses 3D printed 
pumps in combination with a uniquely designed microfluidic optical detector 
cell. The system employs custom-built pumping, electronics and sample intake 
and has a simple configuration facilitating ease of assembly. The analytical 
performance of the system was established along with chromatographic 
repeatability. The system was tested and deployed in-situ within a septic water 
treatment unit in Massachusetts, USA as part of the Nitrogen sensor challenge 
and sensor results were compared to those generated by accredited 
instrumentation. Two additional portable IC systems were also built. One system 
was deployed and tested within an effluent treatment plant in Haapavesi, Finland 
and the other system was tested in a river, downstream of agricultural land in 
Wexford, Ireland. 
6.2. Materials and methods 
6.2.1. Chemicals and reagents 
The chemicals used within this work were of analytical or higher grade. High-
purity deionised water (Milli-Q) was used for preparation of all solutions. 
Potassium hydroxide used as the eluent was purchased from Sigma-Aldrich (St. 
Louis, MO). Nitrate and nitrite standard solutions were prepared using 
potassium nitrate and sodium nitrite salts, respectively (Sigma-Aldrich, St. Louis, 
MO). Working analyte standards were prepared through dilution of standard 
stock solutions. 
6.2.2. Portable IC system 
The automated portable nitrate and nitrite analyser described in this study was 
based on the IC method coupled with 235 nm LED based absorbance detection 
recently reported by Murray et al. [27]. A render of the IC system, depicting 
system components is shown in Figure 6.1. The syringe pumps were made of 
low cost, off-the-shelf components coupled with a 3D printed base and pusher 
block. The 3D printing was performed using Onyx filament sourced from 
Markforged, Inc. (Massachusetts, USA) and a Markforged Mark Two printer. The 
syringes used were 1 mL gas tight luer lock glass syringes sourced from Sigma-
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Aldrich (Wicklow, Ireland). Flushing and filling of the syringes was achieved 
through the use of 12 V brushed geared DC motors (Pololu, Las Vegas, USA). Rod 
collars and motor couplings were provided by RS Radionics (Dublin, Ireland). A 
6 port 2-position injection valve (VICI AG, Schenkon, Switzerland) which was 
automated using a hybrid stepper motor (Radionics, Dublin, Ireland) was used. 
Fast separation at low back pressures was achieved using a 4 × 50 mm Dionex 
AG15 guard column from Thermo Fisher Scientific (Sunnyvale, CA). The surface 
mount 235 nm deep UV-LED used for direct absorbance detection was provided 
by Crystal IS (Green Island, NY, USA). A UVC photodiode (TOCON_C1) with 
integrated amplifier for photodetection was purchased from Sglux GmbH 
(Berlin, Germany). The UV optical detection cell was based on the design 
previously reported [27]. All design work carried out for 3D printed 
components was performed using Fusion 360 computer aided design software 
(Autodesk Inc., California, USA). For eluent storage a 2 L fluid collection bag was 
used, sourced from Fannin Ltd. (Dublin, Ireland). Inline check valves and tubing 
connectors were provided by Kinesis (Altrincham, UK) and Sigma-Aldrich (St. 
Louis, MO). The system was housed within a 1510M Peli Case with exterior 
dimensions of 59.8 x 36.5 x 27 cm (Peli Products, Clare, Ireland). The total 
weight of the system including battery and full eluent was ~ 11 kg.  
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Figure 6.1: Render of portable IC system with components labelled. Legend: (1) 
battery; (2) electronics housing; (3) 3D printed syringe pumps; (4) six-way 
injection valve; (5) eluent storage bag; (6) AG15 column; (7) UV LED based 
optical detection; (8) 12 V sample intake pump; (9) waste container 
6.2.3. Fluidic configuration 
The fluidic operation of the system is schematically represented in Figure 6.2. 
The system was equipped with four low-cost 3D printed syringe pumps. Three 
pumps were used for eluent delivery, while the fourth pump was used for 
drawing sample from the sample reservoir through the sample loop, thereby 
loading the loop. During system operation, the three eluent syringe pumps 
operated in unison, each drawing 1.1 mL of eluent from the onboard eluent 
storage bag. Once the three syringes were full, parallel flushing of the eluent 
syringes commenced resulting in a flowrate of 0.8 mL min-1 through the 6-way 
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valve, column and detector. One-way valves were in place to ensure eluent was 
only drawn from the eluent storage during syringe fill and flow was directed 
through the column during syringe flushing. In parallel to the operation of the 
eluent syringe pumps filling with eluent, the sample syringe pump was filled, 
drawing 0.5 mL of sample from the reservoir. During flushing, the sample syringe 
pump was emptied into a waste container. As the eluent syringe pumps were 
flushing, the 6-way valve remained in the load position until 25 seconds had 
passed, after this time the valve automatically switched to inject, and the sample 
was injected. All syringe pumps were set to continue to empty until their home 
position was reached which was defined by the activation of limit switches. 
 
Figure 6.2: Schematic representation of analyser. The flow path of KOH eluent is 
shown in black. The flow path of sample through the sample reservoir is shown 
in blue. An aliquot of sample taken from the reservoir and introduced into the 
system via the sample loop is shown in red.  
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6.2.4. Sample intake system 
The sample intake system was based on a loop utilising a low-power 12 V DC 
positive displacement pump from Chihai Motor (Shenzen, China). Sample was 
drawn from the environment through a coarse filter into a 3D printed sample 
reservoir of 10 mL internal volume and flushed back out into the water sample. 
After 1 min of flowing, the pump automatically powered off and the reservoir was 
full of sample. At this point, a sample aliquot was automatically drawn from the 
reservoir using the sample syringe via the sample loop of the six-way valve. This 
enabled the loop to be loaded with sample which was then injected into the 
eluent flow when the valve was switched to the injection position. By loading the 
loop in this manner, sample carry over was eliminated between sequential runs. 
A schematic of the automated sample intake is illustrated in Figure 6.3. 
 
Figure 6.3: Schematic of automated sample intake system and render of sample 
reservoir shown inset. The configuration was based on a loop in which sample is 
drawn from the environment, into the sample reservoir and the sample is flushed 
back out into the water sample. When the pump is powered off, the reservoir is 
full with sample and a sample aliquot is then drawn from the reservoir using the 
sample syringe. 
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6.2.5. System control and data acquisition  
The embedded system of the portable IC used a Teensy 3.6 microcontroller 
(Mouser Electronics, Munich) with an ARM Cortex-M4 processor running at 180 
MHz. The Teensy 3.6 was selected for this prototype due to its high number of 
input/output pins, fast processor and low power consumption. The 
microcontroller was coupled with an AL8805 DC-DC LED driver (Sparkfun 
Electronics, Niwot, CO) to provide constant current to power the UVC LED and an 
ADS1115 16-bit analogue to digital converter (Adafruit Industries, New York, 
NY) to process the resultant signal from the photodiode. The syringe pumps and 
6-way valve were actuated using TB6612FNG motor drivers (Sparkfun 
Electronics, Niwot, CO). A 12 V relay was used to turn the sample pump on and 
off. Internal system temperature and humidity readings were provided by a 
HTU21D-F sensor, while system timing was controlled by a DS3231 real-time 
clock (Adafruit Industries, New York, NY). 
The firmware that was executed on the microcontroller was written in C++ and 
provided functionality which enabled the IC system to run automatically. The 
firmware was based on a configured sequence and set intervals. This configured 
sequence was an event-driven state machine. Switching of the 6-way valve was 
achieved by moving a stepper a set number of steps either clockwise or anti-
clockwise, depending on injection or loading. The stepper motor rotated the 
desired number of steps, at a desired speed and was stopped when a limit switch 
was hit. The valve was switched to the injection position when the syringe pumps 
were delivering eluent. During the eluent delivery sequence, the firmware 
ensured the syringe pumps were flushing eluent at a constant flow rate of 0.8 mL 
min-1. This was achieved using the integrated encoder on the 12 V DC motor 
actuating each syringe pump coupled with a proportional-integral controller in 
the firmware. The pulses from the encoder were counted over a 100-millisecond 
period using hardware interrupts. When the interrupt pin from each encoder 
read a high signal, an interrupt service routine was executed to increment a 
variable. The variable was read at a rate of 10 Hz and its value was used to 
calculate a rpm which the P.I. controller maintained. 
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When the syringe pumps were flushing eluent through the column, the data 
analysis function was executed. The LED was tuned on at a set intensity and the 
resulting signal from the photodiode was processed and written to a file on a 
micro SD card.  This function passed the digital values generated by the analogue 
to digital converter through a running average filter. The running average values 
were sampled and written to a buffer at a rate of 20 Hz. This buffer was 
structured in a comma separated value (CSV) format which contained, along with 
the running average values, a raw value from the analogue to digital converter 
and an incrementing identifier value. Once the syringe pumps were emptied and 
the data analysis was complete, the data was written to the micro SD card for post 
processing. UniChrom software was used for processing of chromatograms and 
peak area integration. 
6.2.6. Field deployments 
In order to assess the performance of the portable IC in the field, the system was 
deployed in-situ at several locations, monitoring nitrate and nitrite levels in 
varying sample matrices. Firstly, the system was deployed within the Advanced 
Septic System Nitrogen Sensor Challenge, issued and managed by the US EPA and 
held within the Massachusetts Alternative Septic System Test Centre (MASSTC) 
[29]. Battelle (Columbus, Ohio, USA) were responsible for developing and 
implementing a Test/Quality Assurance Plan (T/QAP) for testing of the 
developed sensor system. The T/QAP was based on the International 
Organization for Standardization (ISO) Environmental Technology Verification 
(ETV) Standard - ISO 14034. Accordingly, within the challenge, the system was 
deployed in-situ within a septic water tank. Over a 7-day test period, the system 
performed analysis at an hourly sample frequency. Grab samples were taken at 
specified times and were analysed by a National Sanitation Foundation (NSF) 
certified test facility in Barnstable, Massachusetts. An assessment of nitrate and 
nitrite concentrations generated by the portable IC system versus the accredited 
lab results was carried out and reported. The system was also deployed within 
an effluent treatment plant located in Haapavesi, Finland. The sampling 
frequency at this location was twice per day over a two-month period. Grab 
samples were taken once every two weeks by the plant operators and these 
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samples were analysed by accredited benchtop instrumentation. Finally, the 
system was taken to perform on-site analysis at a freshwater stream located 
within Teagasc Johnstown Castle, Wexford, Ireland. Grab samples were also 
taken from this location and analysed using an accredited IC. Photographs of the 
portable system deployed at the various locations are shown in Figure E1 of the 
ESI.   
6.3. Results and Discussions 
6.3.1 Chromatographic Repeatability 
The portable IC was set up within a laboratory setting and was configured to run 
once every 15 minutes for ∼20 hours. An anion standard containing 15 mg L-1 
NO3- and 10 mg L-1 NO2- was analysed continuously. A sample loop volume of 50 
µL was selected as it represented an intermediate injection volume between the 
150 µL sample volume used when analysing freshwater samples and the 10 µL 
sample volume which was used when analysing effluent and highly contaminated 
waters. The chromatographic repeatability achieved by the instrument is shown 
in Figure 6.4 as the chromatograms of sequential injections are overlaid. The 
peak area RSD values obtained for nitrite and nitrate over 82 runs were 3.87 % 
and 3.91 %, respectively. Retention time RSD values for nitrite and nitrate were 
found to be 3.59 % and 3.23 %, respectively. The eluent used was 120 mM KOH 
at a flowrate of 0.8 mL min-1 and an AG15 guard column was used for analytical 
separation. The 235 nm UV LED based detector was used for direct nitrite and 
nitrate. 
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Figure 6.4: Selected chromatograms overlaid (offset by 15 mAU) following 82 
sequential runs using portable IC set up. Each chromatogram represents 50 µL 
injection volume of standard containing 10 mg L-1 NO2- and 15 mg L-1 NO3-. Eluent 
was KOH with AG15 guard column for separation. 
6.3.2. Analytical Performance 
The portable IC system was based on the method and IC set up previously 
developed and reported by Murray et al. [27]. Using an AG15 guard column for 
separation, isocratic elution using KOH eluent and a low-cost 235 nm LED-based 
detector, selective detection of nitrite and nitrate was achieved with an elution 
time of < 3 minutes. By adapting the sample loop volume, the system had the 
ability to monitor a variety of sample matrices and a broad range of analyte 
concentrations. Using a 150 µL loop, the system had the ability to detect ppb 
levels of analyte. Using a 10 µL loop, highly contaminated water sources which 
contain high concentrations of analyte, such as effluent, could be analysed. The 
analytical ranges for nitrite and nitrate obtained using a 150 µL loop along with 
a 10 µL loop are presented in Table 6.1. Corresponding limit of detection (LOD) 
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values, calculated using a signal-noise-ratio (S/N) = 3, are also shown [31, 32]. 
Calibration curves for nitrite and nitrate using each loop are illustrated in Figure 
E2 and E3 of the ESI. 
Table 6.1: Performance of portable IC using different sample loops 
Analyte 
Sample Loop 
Volume 
Linear Range 
(mg L-1) 
R2 
LOD 
 (mg L-1) 
Nitrite 
150 µL 
0.05 - 30 0.999 0.005 
Nitrate 0.10 – 75 0.996 0.040 
 
Nitrite 
10 µL 
0.30 – 100 0.999 0.17 
Nitrate 2.5 - 500 0.998 1.30 
 
6.3.3. In-situ analysis 
The first set of data were obtained from the deployment carried out within 
MASSTC as part of the septic system Nitrogen Sensor Challenge. A test tank was 
set up which contained actual septic stream effluents. The tank was also spiked 
periodically with varying concentrations of nitrite and nitrate during the test 
period. The hourly concentrations of nitrite and nitrate obtained by the portable 
IC system over a 7-day period are shown in Figure 6.5. Concentrations obtained 
from grab samples which were analysed using accredited laboratory 
instrumentation are also shown within the figure. In terms of accuracy, the ideal 
performance target within the challenge was < 20% of true value. The total 
mean recoveries observed for nitrite and nitrate during the in-situ deployment 
within the septic water test tank were 83% and 99% respectively. For precision, 
the ideal RSD value for the challenge was < 20%. The highest RSD for 
determined nitrite concentrations was 5.64% and the highest for determined 
nitrate concentrations was 2.22%. The portable IC system met all the 
performance criteria set out for nitrite and nitrate within the challenge, 
highlighting the applicability of the system for septic water analysis. 
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Figure 6.5: Portable IC data versus lab data over 7-day test period within septic 
tank water as part of the Advanced Septic System Nitrogen Sensor Challenge. The 
system employed a 10 µL injection volume, 120 mM KOH eluent, AG15 guard 
column for separation and the 235 nm LED based detector. 
Following the MASSTC deployment, two additional deployments of the system 
took place. The second deployment took place within a wastewater treatment 
plant (WWTP) located in Haapavesi, Finland. The plant is responsible for treating 
sewage coming from dairy industry as well as the city of Haapavesi. The portable 
IC system was installed within the plant and was set to measure nitrite and 
nitrate within the effluent of the WWTP. It was determined that nitrite was not 
present within the effluent stream. The nitrate concentrations detected using the 
portable IC system, along with grab sample concentrations, over the course of 
two months are illustrated in Figure 6.6. Periodic grab samples were analysed 
using standard laboratory instrumentation. Finally, the portable analyser carried 
out on-site analysis over a 7-day period on the grounds of Teagasc, Johnstown 
Castle, Ireland. The system was deployed for the analysis of a freshwater stream 
which was surrounded by agricultural land. Once again, it was found that nitrite 
was not present within the sample. A comparison of nitrate concentrations 
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determined by the portable IC versus concentrations obtained following analysis 
using accredited instrumentation is illustrated in Figure 6.7.  
 
Figure 6.6: Data generated by the in-situ analyser following deployment within 
a WWTP located in Haapavesi, Finland. Data points generated by the IC system 
are shown in black, while grab sample concentrations are shown in orange. A 10 
µL injection volume, 120 mM KOH eluent, AG15 guard column and the 235 nm 
LED based detector were used. 
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Figure 6.7: Data generated by the portable analyser following 7 days of on-site 
analysis of a freshwater stream. Data points generated by the IC system are 
shown in black and grab sample concentrations are shown in orange. A 150 µL 
injection volume, 120 mM KOH eluent, AG15 guard column and 235 nm LED 
based detector were used. 
6.4. Conclusions 
A low-cost, portable IC system for in-situ analysis of nitrite and nitrate was 
developed and demonstrated in the field. The system was based on a simple 
anion exchange method using KOH eluent in combination with an AG15 guard 
column to achieve anion separation. Selective, direct detection of nitrite and 
nitrate was attained through the use of a low-cost, 235 nm LED based 
absorbance detector. The system used custom syringe pumps for fluidic 
handling, which were fabricated through 3D printing and employed off-the-shelf 
components. In-house developed electronics and firmware were used to achieve 
system automation and data acquisition. The repeatability of the portable IC 
system was demonstrated and by varying sample injection volumes wide 
analytical ranges for nitrite and nitrate were demonstrated. The system was 
successfully deployed in-situ at various environmental sites including a septic 
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water tank, a WWTP and a fresh water stream, highlighting the suitability of the 
system to be deployed in varying sample matrices. The simple configuration and 
ease of assemble associated with the system opens the way towards scaled up 
in-situ deployments of analytical platforms. Future work and further 
development of the system will focus on modifying and adapting the system to 
facilitate mass manufacture. Injection moulding will be investigated as a route 
to manufacture for the syringe pumps. Currently, the UV detection cell is made 
by micromilling and bonding of PMMA and the windows are then chemically 
bonded. As a faster and simpler alternative, stereolithography (SLA) 3D printing 
of the optical cell will be explored with mechanical treaded sealing of the UV 
transparent windows. Other detection strategies, such as contactless 
conductivity detection, will also be explored for coupling with the separation 
capability of the system for potential detection of further analytes. 
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Chapter 7:  
Other experimentation and observations  
 
 
 
 
 
 
 
 
 
 
 
 
 “... even when we find not what we seek, we find something as well 
worth seeking as what we missed.” 
Robert Boyle, Of Unsucceeding Experiments, 1661 
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Chapter Overview 
This chapter describes the experimentation and work carried out during the 
early stages of the PhD. This work yielded unexpected outcomes, unconducive to 
the development of a robust analyser, however, it was still informative and 
directed the research in a manner which enabled the final development of the 
portable, automated IC. At the commencement of the project, the ultimate aim 
was to develop a low-cost, deployable analytical system for the analysis of 
nutrients in environmental waters, with a specific focus on ion chromatography. 
The route to achieving this low-cost, portable IC system was to be based on the 
use of low back pressure monolithic columns and direct conductivity detection. 
This section discusses the rationale behind using monoliths, why it was decided 
not to proceed with the use of monoliths, and explains the transition from the use 
of conductivity detection to LED-based optical detection.   
7.1 Monolithic columns and conductivity detection 
Typical analytical columns for IC consist of silica or polymeric particles which are 
packed into the column. Generally, the smaller the particle size, the greater the 
efficiency. However, this is limited by the fact that there is a particular point at 
which the pressure drop across the column exceeds the operating conditions of 
the chromatographic instrument [1]. Therefore, the smaller the particles which 
are used, the greater the back pressure which occurs. The porous structure of 
monolithic columns has been shown to allow for higher flow rates at lower back 
pressure than particulate columns, while maintaining suitable efficiency [2-3]. 
The term “monolith” refers to a continuous material which is interlaced with 
channels allowing for the flow of liquid through the material. Both silica and 
polymeric based monolithic columns are available. When considering the 
analysis of small inorganic molecules, the bimodal pore size distribution of silica 
monoliths provides a greater surface area than polymeric monoliths [4]. The 
macroporous and mesoporous nature of a silica monolith is depicted in Figure 
7.1. For this reason, silica monoliths were investigated towards achieving a 
portable IC system capable of rapid separations (< 2 min) at low back pressures. 
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In order to effectively separate inorganic anions using silica monolithic columns, 
post-creation modification of the monolith is required. This can be achieved 
using ion-interaction reagents or through the application of a surfactant coating 
to a reverse phase column. As an alternative approach, reagents can also be 
covalently or electrostatically bound to bare silica monoliths to convert the 
column into an IC phase [1]. The latter was the approach which was adopted 
within this project as silica monoliths were coated with the cationic surfactant 
didodecyldimethylammonium bromide (DDAB). 
 
Figure 7.1: Scanning electron microscope (SEM) image of macropores (2 μm) 
and mesopores (13 nm) of silica monolithic column [5] 
The monolithic coating work which was carried out is highlighted here. Using 
components from decommissioned Dionex DX 100 and 120 ion chromatograph 
systems, an IC test rig was setup and is shown in Figure 7.2. A C18 1 cm long 
Chromolith silica monolith (Merck KGaA, Germany) was coated with the cationic 
surfactant DDAB, using previously published coating procedures [6, 7]. The 
column was equilibrated with 1 % acetonitrile and then flushed with a 
DDAB/ACN solution at 1 mL/min until breakthrough of DDAB was observed, as 
determined by a rapid increase in conductivity. The column was then washed 
with water to remove any unretained DDAB. Finally, the column was equilibrated 
with eluent. As the goal was to generate a low-cost system, nonsuppressed, direct 
conductivity detection was selected as this allowed for a single column 
configuration without the necessity of a suppressor. Using the configuration 
shown in Figure 7.2, a range of various eluents were assessed with the coated 
monolith for the detection of anionic analytes. To enable direct conductivity 
detection, low-conductivity eluents are required. By using organic acids of low 
conductance, the analyte anions are of a higher ionic conductance than the eluent 
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competing anion, this allows for detection of analyte anions as they are eluted 
from the column into the conductivity detector.  
 
 Figure 7.2: IC configuration assembled for monolith coating and anion analysis. 
 
Monoliths have been coated with cationic surfactants in previous works and fast 
analysis of inorganic anions has been demonstrated [8-10]. Here rapid 
separation at low back pressures (< 10 bar) of multiple analytes were 
demonstrated using various eluents with the coated monolith and direct 
conductivity detection. Examples of chromatograms which were generated are 
illustrated in Figure 7.3. Chromatogram A shows the separation and detection of 
five common inorganic anions in under 1 minute using 5 mM 4-hydroxybenzoic 
acid eluent. Co-elution of early peaks was observed in the presence of phosphate. 
For chromatogram B, an eluent comprised of 2.5 mM phthalic acid / 2.3 mM Tris 
was used. Separation and detection of NO2-, NO3- and SO42- was achieved, 
however, co-elution was observed in the presence of other anions.  
As no suppressor is used with direct conductivity detection, the background 
conductivity originating from the eluent is high and this negatively impacts 
detection sensitivity. In addition, conductivity detection is non-selective which 
makes this approach prone to co-elution and interference, especially when 
considering rapid separation times. In an attempt to overcome these issues, LED-
based optical detection was explored as a means of generating a simple and 
robust detector for coupling with an IC set up.   
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Figure 7.3: (A) Anion standard containing 5 mg/L F-, Cl-, NO2-, NO3- and SO42- 
using 5 mM 4-hydroxybenzoic acid eluent; (B) Anion standard containing 10 
mg/L NO2-, NO3- and SO42- using 2.5 mM phthalic acid / 2.3 mM Tris eluent. 
7.2 LED-based optical detection 
An optical cell, shown in Figure 7.4, was adapted from a non-functioning UV-
detector and an LED and photodiode were aligned and held in place enabling 
detection. Holders for the cell, LED and photodiode (PD) were 3D printed using a 
Markforged Mark Two printer. 
 
Figure 7.4: 3D printed optical cell housing and photograph of cell with LED/PD 
aligned  
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A simple test rig (Figure 7.5) was set up using the 1 cm RP silica monolith coated 
with DDAB, the DX 100 IC pump, a manual micro injection valve and the LED-
based detector. Data acquisition and LED control was achieved using a custom 
interface unit as described in Chapter 4. Using this test rig the performance of 
the LED-based optical detector was established.  
 
Figure 7.5: A: Micro injection valve, B: Coated silica monolith, C: Optical cell 
with LED/PD holder, D: Control system and acquisition 
At the time of this work, UV-LEDs with a wavelength of 255 nm were the lowest 
wavelength LEDs available. Therefore, direct detection of nitrite and nitrate was 
not possible. As an alternative, indirect UV detection was employed using a 260 
nm LED and a UV absorbing eluent. An example of a chromatogram generated 
using the optical cell and IC set up is shown in Figure 7.6. Fast separation and 
detection of multiple anions is achieved in under 3 minutes using sodium 
benzoate eluent, the coated monolith and the UV-LED based detector. Improved 
sensitivity was observed using the optical detector in comparison to direct 
conductivity detection. However, slight co-elution was also observed using the 
indirect UV detection approach due to its non-selective nature.  
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Figure 7.6: Chromatogram generated using IC set up with LED-based optical 
detector. Chromatogram represents a 25 µL injection volume of 5-anion standard 
containing 10 mg/L F-, Cl-, NO2-, PO43- and NO3-. Eluent was 1.5 mM sodium 
benzoate at 0.8 mL/min. 
7.3 Conclusion 
Despite the demonstration of separation employing the coated monolith, when 
using surfactant coated columns, it has been shown that capacity gradually 
decreases over time due to slow leaching of the surfactant off the column [6]. This 
is problematic and raises concerns when considering long term, in-situ 
deployment. Covalently bonding latex particles functionalised with quaternary 
ammonium groups to the silica monolith achieves a more robust, stable anion 
exchange column [2]. However, this requires either manufacturing the 
functionalised particles or sourcing them from a supplier. Both tasks proved 
rather challenging and when considering the manufacturing of multiple columns 
for multiple systems, column reproducibility would be questionable. Thus, it was 
decided that particle-based anion exchange guard columns would be a more 
suitable approach. A guard column is utilised within Chapter 4 and facilitated the 
manufacture and deployment of the portable IC reported in Chapter 6.  
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The assembled optical detector successfully demonstrated the detection of 
inorganic anions and showed the potential application of LED-based optical 
detection. However, this detection cell was clearly not feasible when considering 
implementation within multiple systems as the detector cell was obtained and 
modified from a non-functioning benchtop UV-Vis system. With this knowledge, 
a low-cost optical detector was designed and fabricated as described in Chapter 
4. Additionally, during the course of this research access to the deep UV 235 nm 
LED was made possible which enabled direct, selective detection of nitrite and 
nitrate.  
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Chapter 8: Conclusions and future perspectives 
8.1 Overall summary and conclusions 
Within this thesis, both the environmental and economic cost associated with 
nutrient pollution in environmental waters are highlighted and discussed. At 
present, measuring of nutrient levels in natural water predominantly relies on 
the physical collection of a spot sample that is then taken and analysed at a 
laboratory. As laboratory instrumentation is validated and often accredited, this 
approach is accepted and regarded as the standard for regulatory purposes. 
Nonetheless, multiple significant issues are associated with this methodology. 
The most important of which being the fact the results generated by lab analysis 
only show analyte concentration at the instant of sampling, meaning episodic 
events could be missed and conclusions could be drawn based on transitory 
analyte concentrations. It is clear, grab sampling alone is not sufficient enough to 
achieve effective nutrient monitoring, thereby in-situ analysers are a necessity. 
Yet, current systems on the market are complex and high cost making them 
unaffordable for many users and impractical when considering mass adoption 
and deployment. 
A global need and a clear commercial demand exist for low-cost nutrient sensing 
platforms and this is exemplified by the large and growing total annual cost of 
nitrogen pollution, in the EU alone being estimated between €70 - €320 billion 
[1]. The global spending on water quality monitoring instruments is projected to 
be $3.6 billion by 2021. This spending is inclusive of new in-situ water quality 
monitoring instruments [2]. This PhD has been driven by this need and demand 
and has been focused on the development of simple, low-cost and reliable 
analytical systems which facilitate improved nutrient monitoring of 
environmental waters. Development of such systems will enable and assist 
decision makers to make operational and interventional decisions based on 
actual nutrient concentrations in water in near real-time. This offers the potential 
for the transition from the ineffective slow reactive model to a quick reactive and 
ultimately a preventative model. 
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A simple approach such as that described in Chapter 2 employing colorimetric 
chemistry within an on-site test kit is an example of an analytical system which 
has a complimentary role to play in nutrient monitoring. Although a visual test 
kit will not provide the accuracy of analysis carried out within a laboratory, a test 
kit such as this is very cheap and provides the user with rapid nitrate 
concentration estimates directly in the field. 
The automated, portable IC system described in Chapter 3 offers greater 
potential in terms of filling the market gap which exists for low-cost in-situ 
nutrient sensing systems. The system is light weight, generates small volumes of 
waste, and effectively measures both nitrate and nitrite along with other 
inorganic anions. Although this system represents progress beyond state-of-the-
art in a number of aspects, a considerable amount of future work is still required 
to reduce cost, waste and power consumption even further. Furthermore, low-
cost data acquisition and communication systems need to be integrated with the 
platform. 
Chapter 4 introduced a new low-cost UV optical detector, incorporating a 235 nm 
LED, which was designed and fabricated using rapid prototyping techniques. 
Fast, highly sensitive and selective detection of nitrite and nitrate was achieved 
using the developed detector with a simple, low backpressure IC set up with in-
house built electronics. Similar to the configuration depicted in Chapter 3, the 
developed detector and direct IC method were coupled to a low pressure, low 
cost syringe pump to demonstrate the potential of the system for portable 
analysis. This chapter highlighted progression on from Chapter 3 and can be 
viewed as a significant stride towards achieving a low-cost, fully automated in-
situ nitrate and nitrite analyser.   
Following the demonstration of robust analysis for nitrate and nitrite in Chapter 
4, strategies for fast ammonium analysis for potential integration with the IC 
method and UV detector were explored in Chapter 5. A multi-material 3D printed 
microfluidic heated reactor was developed and coupled with a modified 
Berthelot reaction for the determination of ammonium in water. A new 
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microdiamond infilled ABS polymer was presented in this chapter and was 
successfully used as the heater coating. 
Chapter 6 presented the fully automated, low-cost portable IC system for nitrate 
and nitrite analysis which arose from the progressive developments which 
occurred throughout the previous chapters. This system was comprised of 3D 
printed pumps and components and incorporated the microfluidic optical 
detector introduced in Chapter 4. The system was validated and deployed within 
various water matrices in the US, Finland and Ireland. The system achieved high 
accuracy and precision in comparison to grab samples analysed by accredited 
instrumentation. The portable IC is lower in cost and less complex than other in-
situ nutrient analysers, yet noteworthy analytical performance was achieved.   
Finally, other experimentation and developments which took place during the 
PhD were presented in Chapter 7. Investigation into monolithic columns for rapid 
separation and analysis was carried out as these columns have shown promise in 
the past by others. However, particle-based anion exchange columns were seen 
as a more robust, simple solution as they are highly repeatable and can be readily 
purchased off the shelf. LED optical detection coupled with IC was also explored 
in this chapter and proved beneficial as it ultimately led to the microfluidic 
optical cell which was designed and reported in Chapter 4.    
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8.2 Next Steps 
 Following the successful deployment and demonstration of the portable IC 
within the nitrogen sensor challenge held in the US. Multiple IC systems were 
manufactured in-house for further deployment and testing around the world. At 
present, there are 25 IC systems, of the design reported in Chapter 6, which are 
deployed in-situ. These systems were deployed in Europe using funding 
received from the EU Ecosense Life project [3]. Partners within the project in 
addition to potential customers are operating and monitoring the systems to 
identify weak points and areas of needed amelioration in terms of robustness 
and longevity in the field. The locations in which the systems are deployed are 
graphically shown in Figure 8.1. The sample matrix at each location are as 
follows: in the USA it is septic tank water, in Spain effluent water, for Ireland it 
is river water, in Finland it is effluent and for New Zealand it is also effluent.  
 
Figure 8.1: Illustration of locations (black points) around the world in which the 
developed portable IC system is currently deployed.  
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From the multiple deployments several key observations have emerged. The 
primary one being a potential failing in the 3D printed syringes after several 
months leading to eluent leakage. The cause of this issue has been identified as a 
minor movement in the pump drive plate and the contact point with the plunger 
of the syringe during operation. This movement over extended periods of time 
can cause wearing of the syringe and eventually syringe failure. To overcome this 
issue, several iterations of the syringe pumps have taken place and these changes 
will be integrated by the new product development (NPD) team prior to 
commercial release of the system. The other is regarding sample intake filtration, 
at present a coarse sintered glass filter wrapped in copper nickel alloy mesh has 
been used for filtration. This has performed well in all matrices with no 
significant biofouling observed with the exception of sewage sludge within 
biological digestion tanks. This is an extremely contaminated matrix and 
blockage of the filter occurred as shown in Figure 8.2. To carry out in-situ analysis 
of such a contaminated sample for long periods of time a sample intake filter such 
as this is not feasible. However, this matrix represents a niche sample type and 
from a commercial perspective the avenues of surface water, effluent and septic 
water are more impactful. 
 
Figure 8.2: Before and after photographs of outermost sample intake filter 
following deployment in sewage sludge within biological digestion tank in 
Galindo Effluent plant, Spain, as part of the Life Ecosense Life Project. 
147 
 
8.3 Towards Commercialisation 
At present, all efforts are focused on the portable IC system for nitrate and nitrite 
analysis. In terms of assessing the current development status of the portable 
IC, the concept of ‘technology readiness level’ (TRL) can be used to establish the 
systems distance from market and the tasks which need to be completed to 
achieve commercialisation. The concept of TRL was first introduced by the 
National Aeronautics and Space Administration (NASA) in the 1970s, with the 
TRL scale further detailed with definitions at each level in 1995. Nowadays, the 
TRL scale is routinely used as part of the EU Horizon 2020 framework program, 
the U.S. Department of Defense and many other organisations. TRL is now a 
proven method of communicating the status of new technologies [4]. 
The technological evolution of the nitrate and nitrite portable IC and journey 
from commencement of the PhD to now, with respect to the TRL scale, is 
graphically summarised in Figure 8.3.  The current TRL of the system is TRL 7-
8. The prototype system must now traverse the gap from prototype to product 
development and commercialisation. Key areas of focus and development in 
order to achieve this task are highlighted below:  
• Design for Mass Manufacture: Components within the system must be 
modified to facilitate ease of system assembly and to ensure long term 
supply chain of system components.   
• Data acquisition and user interface design and development: Incorporation 
of IoT technologies to enable remote access and development of smart 
phone applications for rapid on-site configuration will be investigated.   
• Health and safety: Electronics to be CE marked and the system should be in 
line with CLP Regulation (CE) 1272/2008.  
• Aesthetics and usability: Within the NPD and marketing departments of the 
company, the system must undergo design and other necessary changes to 
maximise the aesthetics of the system while maintaining usability.    
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Figure 8.3: Concept in the process of technological evolution. The technology 
readiness level, adapted from Schierenbeck and Smith [6]. lists the stages of 
technology research and development that can be linked along the S-curve of 
Technological Process 
 
 
 
 
 
 
 
 
 
 
149 
 
8.4 Other Analytes 
Phosphate is also a highly important analyte when considering nutrient pollution 
and a need yet exists for low cost in-situ phosphate sensing systems. The primary 
strategy of focus within our research group is based on colorimetry integrated 
onto microfluidic chips. This work is currently being carried out within the R&D 
department of TelLab and the PhD candidate has contributed to this work in 
relation to manufacturing of the microfluidic chips and the modification of 
colorimetric reagents for phosphate determination. The phosphate method 
employed is a variation of the molybdenum blue method coupled with an 880 nm 
LED and photodiode for detection. Photographs of the microfluidic colorimetric 
chip along with the portable platform assembled in-house are shown in Figure 
8.4. A typical linear curve generated by the system in a laboratory setting is also 
demonstrated. Work will continue in this area with the aim of reducing system 
size towards potential integration with the nitrate and nitrite portable IC.  
 
Figure 8.4: Photographs of microfluidic chip and portable platform for 
colorimetric phosphate analysis with typical linear curve observed. A: Pumps for 
reagent and standard delivery to chip, B: Storage bags for reagents, standards 
and waste, C: Housing for microfluidic chip and LED/PD detector. 
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Besides inorganic anions, the UV-LED based detector reported in chapter 4 also 
has the potential to enable detection of pharmaceutical compounds which 
contain a UV absorbing chromophore. To achieve integration of the detector with 
typical reverse phase chromatography, the PMMA polymer material in which the 
detector is made of must be replaced with a material compatible to non-polar 
eluents and solutions. A potential alternative to PMMA would be Teflon, due to 
its inherent resistance to organic solvents. A detector such as this with an 
integrated 235 nm UV-LED would enable low-cost detection of a broad range of 
pharmaceuticals. Drug compounds in the classes of anti-inflammatory, anti-
fungals and anesthetics such as ibuprofen, tolnaftate and tetracaine, respectively, 
absorb strongly in the deep UV range which would allow for direct detection [6]. 
Also, anti-diabetic drugs such as Pioglitazone and Glimepiride along with 
sedatives such as benzodiazepines can be detected directly through UV detection 
[7]. Considerable development would be required to achieve this, but it is most 
certainly feasible and may add value when considering the field of process 
analytic technology. 
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Supplementary Information A 
A colorimetric method for use within portable test kits for 
nitrate determination in various water matrices 
Pictograph instructions, for ease of use when using the test kit, are illustrated in 
Figure A1 below. Additionally, the potential packaging design and a nitrate colour 
chart for estimation of nitrate concentrations present within a sample are 
highlighted in Figure A2. 
 
Figure A1: Pictograph instructions for the developed nitrate method 
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Figure A2: Potential packaging design and nitrate concentration colour chart 
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Supplementary Information B 
Miniaturised capillary ion chromatography with indirect UV 
LED based detection for anion analysis in potable and 
environmental waters 
Linearity and calibration plots generated using miniaturised IC system. 
Calibration plots for fluoride, chloride, nitrite and nitrate are graphically 
represented in Figure B1, B2, B3 and B4 respectively. The analytical parameters 
of the miniaturised IC system for the selected analytes are summarised in Table 
3.3 within the main text of Chapter 3. 
 
Figure B1: Calibration plot for fluoride determination using miniaturised 
capillary IC system. Linear range determined was 0.30 - 33.28 mg L-1 based on 
peak areas (error bars are standard deviations for n=3 replicates). Conditions 
are as stated in Figure 3.2 and 3.3. 
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Figure B2: Calibration plot for chloride determination using miniaturised 
capillary IC system. Linear range determined was 0.30 - 51.20 mg L-1 based on 
peak areas (error bars are standard deviations for n=3 replicates). Conditions 
as stated in Figure 3.2 and 3.3. 
 
Figure B3: Calibration plot for nitrite determination using miniaturised 
capillary IC system. Linear range determined was 0.50 - 89.60 mg L-1 based on 
peak areas (error bars are standard deviations for n=3 replicates). Conditions 
as stated in Figure 3.2 and 3.3. 
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Figure B4: Calibration plot for nitrate determination using miniaturised 
capillary IC system. Linear range determined was 0.90 - 154.00 mg L-1 based on 
peak areas (error bars are standard deviations for n=3 replicates). Conditions 
as stated in Figure 3.2 and 3.3. 
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Supplementary Information C 
Low cost 235 nm UV Light-emitting diode-based 
absorbance detector for application in a portable ion 
chromatography system for nitrite and nitrate monitoring 
Temperature measurement of LED within detector during analysis using 
infrared thermal imaging camera. 
 
Figure C1: (Left) Photo of optical cell with 235 nm LED labelled within housing. 
(Right) Thermal image of the LED within detector after 1 hour of continuous 
operation. 
 
 
 
 
 
 
C2 
 
Appendix C2: Equations associated with theoretical model for estimating 
effective pathlength and stray light. 
Beer’s law is highlighted in equation 1. This equation defines absorbance A for 
an ideal case of a monochromatic beam with no stray light as: 
 
Where Io is the incident radiant power and I is the emergent radiant power, Ɛ is 
the molar absorptivity of the absorbing compound, l is the path length and c is 
the concentration of the absorbing compound. Following the taking of stray light 
Is  into account and for a light beam composed of n different wavelengths λ1, λ2 … 
λi   .. λn, absorbance can be written as: 
 
Where 𝐼𝑖
𝑜 is the incident radiant power at the wavelength λi and Ii is the emergent 
radiant power at the same wavelength. Rewriting equation 1 for each 
wavelength and substituting into equation 2 gives equation 3 below, where Ɛ is 
the molar absorptivity at given wavelength λi.:     
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Figure C3: Selected chromatograms overlaid (offset by 10 mAU) following 30 
sequential runs using IC set up with 235 nm LED and optical detector. Each 
chromatogram represents 150 µL injection volume of standard containing 0.5 mg 
L-1 NO2- and 2.5 mg L-1 NO3-. Eluent used was 100 mM KOH at a flowrate of 0.8 mL 
min-1 with AG15 guard column. 
 
Figure C4: Calibration plot for nitrite determination. Range determined was 
0.010 - 15 mg L-1 based on peak areas (error bars are standard deviations for 
n=3 replicates). Conditions are as stated in Figure 4.4 and 4.5. 
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Figure C5: Calibration plot for nitrate determination. Range determined was 
0.070 - 75 mg L-1 based on peak areas (error bars are standard deviations for 
n=3 replicates). Conditions as stated in Figure 4.4 and 4.5. 
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Table C6: Analysis of environmental sample A and environmental sample B 
carried out and reported by the environmental department of T.E. Laboratories 
Ltd.  
Parameter (units) Sample A Sample B 
Alkalinity (mg/L CaCO3) 83 270 
NH4 (by colourimetry, mg/L) < 0.01 2.7 
Antimony (µg/L) < 0.10 0.26 
Arsenic (µg/L) < 0.10 1.2 
Barium (µg/L) < 0.03 30 
Boron (µg/L) < 0.03 68 
BOD (mg/L) 3 6 
Cadmium (µg/L) < 0.03 < 0.03 
Calcium (mg/L) 31 103 
Chloride (mg/L)   19  22 
Chromium (µg/L) 0.22  0.41 
COD (mg/L) 6 20 
Conductivity µS/cm @ 20˚C 327  599 
Copper (µg/L)  1.19 3.4 
Fluoride (mg/L)  0.23 0.11 
Iron (µg/L) 128 71 
Lead (µg/L) < 0.05 0.14 
Magnesium (mg/L) 7.2  10 
Manganese (µg/L) 9.36 17 
Mercury (µg/L) < 0.01 < 0.01 
Molybdenum (µg/L) 1.3 1.8 
Nickel (µg/L) 0.64 4.3 
Nitrate (mg/L) 5.03 58 
Nitrite (mg/L) 0.50 0.15 
pH (pH Units) 7.6 8.0 
Molybdate React Phosphate as P < 0.03 0.05 
Potassium (mg/L) 4.51 15 
Selenium (µg/L) 0.40 0.83 
Sodium (mg/L) 9 11 
Sulphate (mg/L) 13 37 
Zinc (µg/L) 12.57 1.6 
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Table C7: Concentrations determined using IC set-up and UV detector, 
employing linear calibration curves to estimate concentrations, versus 
accredited IC (n=3). 
Sample Analyte  IC Set-up (mg L-1) Accredited IC (mg L-1) 
Relative 
Error (%) 
A Nitrite 0.94 ± 0.015 1.02 ± 0.011 -7.84 
B Nitrate 5.39 ± 0.040 5.07 ± 0.054 6.31 
Environmental 
A 
Nitrite 0.51 ± 0.007 0.50 ± 0.005 2.00 
Nitrate 5.07 ± 0.044 5.03 ± 0.037 0.79 
Environmental 
B 
Nitrite 0.14 ± 0.008 0.15 ± 0.010 -6.67 
Nitrate 63.10 ± 0.323 58.00 ± 0.541 8.80 
EPA Nitrate 55.82 ± 0.925 54.67 ± 0.891 2.10 
 
 
Figure C8: Exploded render highlighting design of low-pressure syringe pump 
which was coupled with simple IC configuration and UV detector. 
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Supplementary Information D 
Integrated 3D printed heaters for microfluidic applications: 
ammonium analysis within environmental water 
 
Figure D1: Heating zone average temperatures for ABS (blue line) and D-ABS 
(black line) heaters, recorded at 10 min, versus voltage. Temperature of heating 
zones for both ABS and D-ABS heaters increased linearly with increasing 
voltages. 
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Figure D2: Time vs. temperature plot when PID is implemented at a temperature 
setpoint of 60ºC. The plot shows that after an initial fluctuation the temperature 
is stabilized after about 5 minutes. The temperature shown here, acquired 
through an IR camera, differs from the one sensed by the PID sensor yet it is 
stable, nonetheless.  
 
 
Figure D3: Demonstration of mixing using blue and yellow dyes within chip at 
various flow rates (160, 120, 60 and 24 μL min-1) enabling residence times of 1.2, 
1.6, 3.3 and 8 min respectively. As flowrate decreases, the dyes merge and a green 
colour is observed in a shorter distance along the fluidic channel. 
15
25
35
45
55
65
75
85
0 2 4 6 8 10
Te
m
p
er
at
u
re
 (
°C
)
Time (min)
D3 
 
 
Figure D4: Calibration curve using the FIA system with optimised heating 
conditions and the modified Berthelot reaction. (error bars are standard 
deviations for n=3 replicates). 
 
Figure D5: Ion chromatograms of the two samples (sample #2 - solid line - and 
#3 - dotted line). NH4+ peak is highlighted inset by a red arrow within the 
enlarged section.
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Supplementary Information E 
Fully automated, low-cost ion chromatography system for 
in-situ analysis of nitrite and nitrate in natural waters 
 
Figure E1: (A) Photograph of the portable IC system deployed in the US and 
picture of the water test tank. (B) Photo of system deployed in Teagasc 
Johnstown Castle analysing surface water. (C) Photo of portable IC system 
sampling from process water at effluent treatment plant in Haapavesi, Finland. 
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Figure E2: Calibration plots for nitrite and nitrate obtained for portable IC 
system using 150 µL sample loop 
 
 
Figure E3: Calibration plots for nitrite and nitrate obtained for portable IC 
system using 10 µL sample loop 
 
